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Preface 


Gene delivery is a transport of genes of therapeutic values into the chromosomes of the cells or tis- 
sues that can be targeted to replace faulty genes. In the last two decades, many research efforts are 
dedicated to gene delivery for therapeutic applications. Today, gene therapy is a promising approach 
in the treatment of genetic diseases, including mitochondrial related diseases like blindness, mus- 
cular dystrophy, cystic fibrosis, and some cancers. Since the first clinical trial for a treatment of 
combined immune deficiencies in the 1990s; over 3000 clinical trials have been approved. 

The delivery of genes is very complex. It entails traversing many biological barriers, and it will 
take years to resolve the scientific and technical issues to exploit the full potential of gene therapy. 
People have tried to repair genetic defects through the injection of naked plamid DNA and found it 
not very effective due to poor transfection efficiency. Viral vectors have shown a promising role in 
providing high efficiency for DNA delivery. 

In recent years, nanotechnology is offering the potential for the successful delivery of genes 
for therapeutic applications. An extensive set of nanoparticle-based delivery systems have been 
reported, including polymeric nanoparticles, silica-based hybrids, gold nanoparticle-based hybrids, 
two-dimensional nanomaterials, and lipid-based nanoparticles. Some of the interesting nano sys- 
tems that are under clinical trials include DOTAP cholesterol, polyethylenimine nanoparticles, 
poly (ethylene glycol) polyethylenimine—cholesterol (PEG PEI Cholesterol) PEI mannose dextrose 
nanoparticles, and so on. 

With new developments in gene therapy using messenger RNA (mRNA), which is a new method 
of providing therapeutic proteins for cells, it can realize the expression of therapeutic genes in non- 
dividing cells without the need for nuclear entry. mRNA delivery is a potential option to solve the 
risk of mutagenesis, which would provide an alternative for DNA based gene therapy. The signifi- 
cant potential of gene therapy technologies got an enormous boost with the use of different kinds 
of nano particles. The scientific community needs to put more effort toward overcoming existing 
barriers to realize the clinical applications of gene therapy for treating diseases and disorders. 

In the recent pandemic, two companies used the gene-based mRNA technology to develop vac- 
cine for Covid-19 and successfully administered millions of doses around the world. Using mRNA 
as a medicine is a fundamentally different approach than treating disease with other drug classes. 
The mRNA plays a fundamental role in human biology. It is the set of instructions by which cells 
make all proteins and send them to various parts of the body. The mRNA medicines take advan- 
tage of normal biological processes to express proteins and create a desired therapeutic effect. This 
enables the potential treatment of a broad spectrum of diseases, many of which cannot be addressed 
with current technologies. Vaccines that are mRNA based are delivered using lipid-based nanopar- 
ticles. Lipid-based nanoparticles are one of the most extensively explored conduits for gene delivery 
owing to their optimal properties, including high biocompatibility and close resemblance to the 
lipidic membranes, which facilitate their penetration into the cells. 

Seven scientists in the United States and Britain, who have come up with a revolutionary gene 
therapy cure for a rare genetic form of childhood blindness, won a 1 million euro ($1.15 million) 
prize in 2018 from Portugal’s Champalimaud Foundation. Their gene augmentation therapy involved 
the delivery of healthy genes by using engineered, harmless viruses, described by the foundation as 
“an elegant solution.” 

A significant boost to gene therapy research was given in 2020 with the Noble prize in Chemistry 
given to Emmanuelle Charpentier of the Max Planck Unit for the Science of Pathogens and Jennifer 
Doudna of the University of California, Berkeley, for their discovery of the CRISPR/Cas9 genetic 
scissors that have revolutionized genome editing. 

It is believed that mRNA has the potential to transform how medicines are discovered, developed, 
and manufactured — at a breadth, speed, and scale not common in our industry. 


x Preface 


This book is dedicated to exploration of nanotechnology for gene therapy and gene delivery. This 
book has 15 chapters, written by prominent authors, covering various aspects, including challenges 
in delivering gene therapy, advances in genome editing, RNA-based gene therapy, green nanopar- 
ticles for oligonucleotide delivery, development of mRNA vaccines for Covid -19 in challenging 
pandemic scenario, clinical applications of gene therapy for immunodeficiencies, and so on. 

I am extremely indebted to all the authors who expended a great deal of effort to complete the 
chapters on time and made sure that all the aspects related to gene delivery systems using nanotech- 
nology delivery systems, are covered. 

I am aware that gene delivery is a vast area, and it will be hard to cover everything related to this 
area of research, but our lead authors of the chapters have done phenomenal work and deserve kudos 
from the readers. 

I am extremely thankful to Ms Hillary Lafoe and Tony Hickey of Taylor and Francis for encour- 
aging me to edit this book. Several people from Taylor and Francis have helped me to bring this 
book to market, including Ms. Danielle Zarfati, Ms. Laura Piedrahita, and many others from the 
printing press. 

I would like to express my sincere thanks to my university authorities and the administration of 
the Taneja College of pharmacy, who always supported my endeavors in editing books. I will be fail- 
ing in my duties if I do not mention my sincere thanks to my family who always must compromise 
their time for such efforts. 

Thanks go to our readers. They are the ultimate judge to evaluate our efforts and provide feed- 
back to improve the book. I am sure it will be a very useful reference book for the people who are 
working in this field. If there are any suggestions to improve, please do not hesitate to e-mail me the 
corrections so they can be implemented in the second edition. 
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University of South Florida, 12901 Bruce B Downs Blvd, MDC 030, Tampa FL 33612, USA and 
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E mail: ypathak1 @usf.edu 
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1.1 INTRODUCTION 


Gene therapy at the simplest level is still a diverse and highly researched topic in the field of medi- 
cine. With years of research and many more years to come, unpacking the unknown within gene 
therapy holds wonders for the future. With such praise of gene therapy, the topic must be unpacking 
and explaining for conventional use. A simple overview of gene therapy encompasses the experi- 
mental nature of the technique coupled with the use of genes for possible treatment or prevention 
of disease. This method is non-surgical and drug free, as it allows the doctor to insert genes into 
patient’s cells, ultimately treating or prevent sickness [1]. While this technique is still experimental, 
researchers have taken a plethora of complex and multidimensional approaches in hopes of further 
advancing the knowledge of gene therapy. 


1.2 EXPERIMENTAL CONCEPTS OF GENE THERAPY 


With all the research behind gene therapy, scientists continue to progress. New concepts, experi- 
mental methods, and clinical trials of gene therapy show many advancements and data collection 
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Indications Addressed by Gene Therapy Clinical Trials W) | 


WILEY 


Cancer diseases 65% (n=1688) 
Monogenic diseases 11.1% (n=287) 
Infectious diseases 7% (n=182) 
Cardiovascular diseases 6.9% (n=180) 
Neurological diseases 1.8% (n=47) 
Ocular diseases 1.3% (n=34) 
Inflammatory diseases 0.6% (n=15) 
Other diseases 2.2% (n=58) 

Gene marking 1.9% (n=50) 

Healthy volunteers 2.2% (n=56) 


FIGURE 1.1 Indications addressed by gene therapy. 
(Adapted from http://www.wiley.co.k/genmed/clinical.) 


for future reference. One experimental method of using gene therapy constitutes the use of a healthy 
copy of a gene to replace a mutated gene that may currently or in the future cause harm to the body. 
This method would consist of essentially replacing or substituting the mutated gene for a new, 
healthy one. Other experimental approaches introduce the concept of the addition or removal of 
genes. One of the approaches takes a mutated gene, which is functioning improperly, and inactivates 
it, thus eliminating the function completely. This technique follows the basis of suppression, which 
can be used for cancer scenarios. Another approach introduces a new gene into the environment of 
the body to counteract the mutated gene’s function, thus contributing to the prevention and active 
immunity against disease [1]. The use of another gene to make the disease more relevant to the body 
is such that the gene stimulates the body. All the methods stated above are experimental methods and 
concepts of gene therapy that can target multiple locations. Below, Figure 1.1 shows the percentage 
of diseases that are addressed by gene therapy clinical trials. 

From Figure 1.1, it is shown that gene therapy is mostly used for cancer diseases, while a small 
percent is for experimental purposes with the use of healthy volunteers. 


1.3 AIMS OF GENE THERAPY 


Gene therapy has an overall aim that depends on the approach used. The main goal of gene therapy 
is to use genes to correct mutations that arise from mechanisms involving DNA within the human 
body. It also counts for the mutations that occur from pathogenic substances, such as virions and 
bacterium [2]. From the approaches stated in the previous sections, gene therapy can be divided into 
three distinct categories based on technique. Each technique has the main purpose of correcting a 
mutation, but the method of correction yields a variety of mechanisms. In one of the techniques, the 
mutated gene is inactivated or suppressed. One major cancer treatment is cancer suppressor gene 
therapy, which refers to when genes function to inhibit cell proliferation and have regulation of 
development, growth, and differentiation of cells [3]. Suppressing this gene, for this instance, might 
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be better suited to being suppressed rather than replaced by a healthy copy. Just like this technique, 
other techniques work in different mechanisms. Another example would be substituting mutated 
genes for healthy genes. This would cause the body to slowly correct the expression of the abnormal 
gene to expression normal function. 


1.4 DELIVERY SYSTEMS OF GENE THERAPY 


With different treatments incorporating gene therapy, multiple mechanisms have been tested for 
a variety of diseases the human body may experience. The most notable use of gene therapy is to 
use a delivery system that delivers gene therapy to a targeted cell. Delivery systems are mecha- 
nisms of carriers for a controlled release of a specific therapy that is targeted for a specific cell. As 
more research is conducted on gene therapy, biomedical engineers are making progress on different 
delivery systems for different types of gene therapy. Delivery systems essentially control the rate 
at which the therapy is released and where it is released in the body. Two major categories make 
up the components of delivery systems. These categories can be classified by the route of delivery, 
which refers to the mode of medication delivery, and the vehicle with its cargo, which refers to the 
carrier and the treatment in simple terms [4]. Modes of medication delivery are not complicated. 
The vehicle is sent into the body by several modes of transport. Many people can relate to swallow- 
ing, inhaling, injecting, or rubbing medication on. Currently, there are several vehicles or vectors of 
delivery systems used in gene therapy. Some of the delivery systems used by gene therapy include 
retroviral, lentiviral, adenoviral, and non-viral vectors [3]. 


1.5 VECTORS OF GENE THERAPY 


The vectors of gene therapy are sorted into two categories: viral and nonviral. Both vectors are used 
in gene therapy, but the each has its own unique purpose. Viral vectors are comprised of altered 
viruses that have been specifically modified to become carrying vessels. These vectors are modi- 
fied to carry treatment and release a specific amount of treatment at a certain location. While viral 
vectors use DNA or RNA as their genetic makeup, modification are generally made to the genetic 
makeup, due to the possibility of the virus infecting the host cell. Helper DNA from the virus 
contains genes crucial for viral replication of the DNA that is delivered by a plasmid into the host 
chromosomal DNA. From there, the DNA is replicated and translated into the final vector for use 
in gene therapy [5]. Below is a visual representation of how the virus DNA is modified and how the 
new vector is created. 

Figure 1.2 refers to a generic method of engineering a virus into a carrying vector. As more 
specific viral vectors are used, differences are often presented. In the previous section, the different 
viral vectors of gene therapy were mentioned. These vectors can now be covered in more depth after 
discussing the overall concept of viral vectors. 

Gene therapy usually has two main ways of delivery: in vivo and ex vivo. Another name for 
these delivery systems would be “direct delivery” for in vivo and “cell-based delivery” for ex-vivo 
delivery. In in vivo, the work performed, in this instant the delivery of gene therapy, is performed 
within the natural condition of the organism or quite literally within the organism. Ex-vivo refers to 
the opposite, which would be outside the living organism [6]. Ex-vivo can almost be compared to 
that of invitro. Invitro, refers to the work within a set environment, such as a test tube. Ex-vivo gene 
therapy would use the concept of invitro, as ex-vivo refers to cells being taken out of the body and 
then transduced with the gene in a test tube, invitro, and then simply readministered to the body, 
where the gene expression can start to occur. Below in the figure is a summary of direct and cell- 
based delivery (Figure 1.3). 
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FIGURE 1.2 Engineering strategy for the modification of a virus into a vector. 


(Adapted from “Viral vectors for gene therapy: the art of turning infectious agents into vehicles of 
therapeutics”.) 


1.6 RETROVIRAL VECTORS 


Retroviruses are a subsection of viruses, which can place a copy of its own single stranded RNA 
makeup into the DNA of the virion’s host cell. These viruses can retro transcribe their single-stranded 
RNA by retro-transcribing it into linear double-stranded DNA, which causes a seamless insertion of 
the virus and its contents with little immunological repercussions, if any. An advantage of retroviral 
vectors in gene therapy is the ability to retro-transcribe their RNA into DNA, which when integrated 
into the host cell’s DNA, is a permanent modification [7]. With this permeant modification, it leads 
to an effective way to maintain self-renewing genetic material. However, the integrated DNA does 
not warrant stable expression of those transduced genes. In situations where a permeant outcome is 
the most feasible option, a retroviral vector could be coupled with targeted gene therapy for a pos- 
sible treatment option. 


1.7  LENTIVIRAL VECTORS 


Taking a step deeper into retroviral vectors, Lentiviral vectors are a subsection of retroviruses. 
Essentially, lentiviruses are a specific type of retrovirus that rely on active transport of the preini- 
tiation complex through the nuclear body of the targeted cell [5]. This method is especially useful 


Challenges in Delivering Gene Therapy 5 


GIRECT DELIVERY CELL-BASED DELIVERY 


therapemit ie Energii 
ininspene | the therapesitic f the therapeutic transgene | 
Arama i ( iriisgemne is 
packaged bnc a fa =g packaged ingr a EAN 
delivery vehicke Vie Ezp delivery wehick: 
sech ng p vines j) = | sich as n vinis 
J 


ea S 


| the Luz apari 
fi larger organ | "rană is 

w amd injectad A ee. liver) întoarce inte a ¢ 
imo the paieo j d i | delivery cell such ap 
"Aa stem-cell that is 


ti 


talen derived from 


i at ihe genetically modified 
cells (e.g 
are mnmiiplżd inthe 

oand readmimiscred laboratory 


tas Lhe pelit É- = 
t= = 


abei welis) 


FIGURE 1.3 Summary of direct and cell-based delivery. 


(Adapted from “Use of genetically modified stem cells in experimental gene therapies”.) 


in gene therapy, due to the nuclear facilitation of infection in non-dividing cells, as well as mitotic 
cells. HIV-1 is one of the most notable and studied lentiviruses. Since lentiviral vectors and retrovi- 
ral vectors are similar in many concepts, it would be generalized that they have a similar system of 
delivery. First, the lentivirus has an interaction with the target cell and binds to the viral envelope 
glycoprotein. Once everything is bonded, reverse transcriptase takes the single strand RNA and 
retro-transcribes to a new double stranded DNA. As the newly synthesized DNA is completed, the 
DNA integrates to the host DNA, which is essential for gene expression. With the use of a lentiviral 
vector, it can integrate its newly synthesized DNA into the DNA of the genome of non-dividing 
cells, not capable of regular generic retroviral vectors [8, 9]. Lastly, the structural proteins and viral 
RNA are condensed and packaged into small particles, which are released into the plasma mem- 
brane [10]. From here, the lentiviral vector can be used in gene therapy, and the affects can be tested. 


1.8 ADENOVIRAL VECTORS 


The last subfamily of retroviruses are adenoviruses, another vector used in gene therapy. Adenoviruses 
are non-enveloped and contain an icosahedral nucleocapsid that contains a double stranded DNA 
genome [11]. A unique thing about adenoviruses is that their DNA is flaked on both ends, which are 
called inverted terminal repeats or ITRs. This helps act as a self-primer, which promotes an enzyme 
called promote Primase- independent DNA synthesis and makes it important in DNA multiplica- 
tion. Besides that, the ITRs help to facilitate integration of its genetic makeup into the genome of 
the host cell [11, 12]. Due to adenoviral vectors and their low pathogenicity and mild symptoms, 
these vectors can be highly favorable for gene therapy. These viruses also come in use with their 
ease of manipulation with recombinant DNA, as well as their ability to transduce foreign genes into 
proliferating cells [12-14]. The most notable use of adenoviral vectors in gene therapy was its early 
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FIGURE 1.4 Percentage of viral vectors used in gene therapy clinical trials. 


(Adapted from Viral vector platforms within the gene therapy landscape.) 


TABLE 1.1 

Number of Clinical Trials Associated with Each Vial Vector 
Vectors Number of Clinical Trials 
Adenovirus 575 
Adeno-associated virus 250 

Lentivirus 315 

Total 1,140 


Source: adapted from Viral vector platforms within the gene therapy landscape 


use in clinical trials for cystic fibrosis, which is an inherited disease that causes the cells in the lungs 
to produce mucus and fluids, causing severe damage to the lungs and other organs located in the 
general area. A subsection in adenoviral vectors is the adeno-associated virus (AAV) use as a vector. 
An easy explanation of AAV vectors compared to regular adenoviral vectors is that AAV is a small, 
slower version of adenoviral vectors. AAVs have a lower packaging capacity, lower protein levels, 
and take longer for genes to express while gene expression lasts longer. With a low packing size, 
AAVs must limit their treatment under a specific size, which is a disadvantage of using these viruses 
as vectors. However, depending on the situation, AAVs trigger low levels of immune response, thus 
allowing fewer of the vectors to be killed off by T-lymphocytes. Last, adenoviral vectors have much 
larger packing sizes, allowing more variability in adding a specific gene, while causing an onset of 
expression relatively fast at 16—24 hours [15]. 

In different clinical trials, different vectors are used, depending on the situation. Below is a figure 
which took three strategies for viral vectors used in gene therapy. Based on the results, adenovirus 
vectors where used the most, with 575 seen in the table below [16]. That was 50 percent of all viral 
vectors used in gene therapy (Figure 1.4 and Table 1.1). 


1.9 NONVIRAL VECTORS 


Nearly 70 percent of gene therapy clinical trials have used modified viruses as viral vectors. That 
means the other 30 percent of gene therapy clinical trials have used non-viral vectors [17]. Non- 
viral vectors have naked DNA and are usually particle and chemical based [17, 18]. This means 
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that the DNA contained in the vector is not harmful, and the genetic makeup is usually made up of 
oligonucleotides and their analogues. Using non-viral vectors creates an alternative to viral vectors 
where viral vectors might not be the best choice of delivery system. The drawback to viral vectors 
that nonviral vectors offer is the low effect of its immunogenicity and cytotoxicity. In other words, 
non-viral vectors create a lower immune response and are less likely to be toxic to the contents of 
the human body [19]. Due to this reduced immunotoxicity, the use of non-viral vectors in clinical 
trials has seen an upward trend throughout the years. Other limitations the nonviral vectors have the 
potential to address are the limited capacity to pack DNA, difficulty of vector production, and the 
variability within the vector and its environment [20-22]. However, one drawback to using non-viral 
vectors is the lack of data present. Non-viral vectors have been shown to produce excellent results in 
invitro experiments, however when expressed in vivo, no significant results can be concluded [23]. 
For this reason, further research is being conducted with nonviral vectors, and new modifications 
are made every day. 


1.10 CHALLENGES IN DELIVERY SYSTEMS 


With gene therapy considered as a treatment of disease using healthy genes there have been a pleth- 
ora of challenges in establishing a consistent and reliable method of treatment. Many treatments 
vary on many different factors, such as delivery method, location of target cells, size of treatment, 
and the type of vector. All these factors are involved in the combined effort in establishing gene ther- 
apy treatment to the harmful disease. With so many factors, and each being variable and independent 
of each other, there are bound to be challenges associated with treatment using gene therapy. 

The first factor is dependent on the type of vector chosen. Previously mentioned, there were mul- 
tiple types of viruses used to create vectors to hold the treatment to the target cell. Each virus has its 
advantages and disadvantages, which must be explored and researched to find the vector with the 
most efficiency for the target cell. In Tables 1.2 and 1.3 (the advantages and disadvantages of viral, 
Table 1.2, and non-viral, Table 1.3), vectors are laid out for ease of identification [24]. In Table 1.2, 
the viral vectors are differentiated by the type of viral virus used, coupled with the advantages and 
disadvantages associated with it. In Table 1.3, only the advantages and disadvantages are listed, as 
they are only discussed for the non-viral vectors. 

While gene therapy holds promising results, the safety of the patients is taken as the primary 
concern. Vectors are chosen to maximize security and safety of the patient. While some vectors are 
safer, they cannot get the task done for multiple reasons, such as the capacity of DNA packing and 
the manufacturing aspect of it. Vectors chosen, once inserted into the patient, should not induce an 
allergic reaction or inflammatory process. This process could lead to the destruction of the vector 
and its treatment for the target cell. Retroviral vectors have an increased chance of mutation, which 
causes concern to some. Retrovirus-mediated gene transfer sets up the potential risk of insertional 
oncogenesis [24]. Essentially, insertional oncogenesis is the mutation of the genetic makeup of a 
genome by the addition of nucleotide base pairs. 

Adenoviral vectors can infect and integrate into dividing and nondividing cells, which allows 
them to have more versatility in how the vector could be used. This causes a higher level of expres- 
sion, but the duration is dissipated relatively quickly. This biggest limitation in this vector would 
be the strength of the immune and inflammatory response that could cause death. Adeno-associated 
viral vectors show the same disadvantages, in terms of immunotoxicity, as adenoviral vectors, with 
the addition of limited space for DNA capacity. In nonviral vectors, challenges are primarily based 
on the effect of the treatment rather than the dangers of use. The duration of expression is short. 
Thus, due to the unstained expression, repeat therapy is required for continuation of replication 
within the host cell and gene expression [25]. As seen, non-viral vectors have limitations based 
on the effect of the treatment delivered. In part, this is due to the vector properties themselves, but 
recent research has shown nonviral vectors to be safer to use in gene therapy [19, 21, 22]. 
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TABLE 1.2 

Summary of Advantages and Disadvantages of Viral Vectors 

Vector Advantages Disadvantages 
Adenovirus High transfection efficiency Strong immune responses 


Transfects proliferating and non-proliferating cells Insert size limit of 7.5 kb 

Substantial clinical experience Difficult to manufacture and quality control 
Poor storage characteristics 
Short duration of experssion 


Retrovirus Fairly prolonged experssion Low transfection efficiency in-vivo 
High transfection efficiency Insert size limit of 8kb ex-vivo 
Substantial clinical experience Transfects only proliferating cells 
Low immunogenicity Difficult manufacture and quality control 


Safety concerns (mutagenesis) 
Lentivirus Transfects proliferating and non-cells Vert difficult manufacture and quality control 
Transfects hematopoietic stem cells Poor storage characteristics 
Insert size limit of 8kb 
No clinical experience 
Safety concerns (Origins of HIV) 


Adeno-associated Efficient transfectionof wide variety of cell types Difficult manufacture and quality control 
virus in-vivo Insert size limit of 4.5kb 
Prolonged expression Limited clinical experience 
Low immunogenicity Safety concerns (mutagenesis) 


Source: adapted from “The challenge of gene therapy and DNA delivery”. 


TABLE 1.3 

Advantages and Disadvantages of Non-viral Vectors Short 

Advantages Disadvantages 

Manufacture and quality control relatively simple Short duration of expression 

Good storage characteristics Repeat therapy required as plasmid does not 
Low immunogenicity replicate with host cells 

Good safety profile Inefficient transfection in-vivo 


Efficient transfection ex-vivo 
Delivery to any somatic cell 
Non-infectious 

No limit on size of plasmid 


Source: adapted from “The challenge of gene therapy and DNA delivery”. 


1.11 CHALLENGES IN GENE DELIVERY 


For gene therapy to work, DNA much be delivered to the target tissue and then transported to the 
nucleus for protein expression. Within this problem there is another underlying problem. The first 
problem is that a system must be established to deliver DNA to the target tissues and must be preven- 
tive to degradation. The second problem stems from the establishment of another system to build a 
DNA construct, and then allow the target cell to express that protein at efficient therapeutic levels 
[25, 26]. To establish a system which delivers DNA to the tissues and nucleus, a mechanism to cir- 
cumvent extra and intracellular barriers must be taken into account. Some of these barriers include 
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stability of the biological environment, cellular uptake, lysosomal escape, cytosolic transport, and 
gene unpacking [27-31]. These are some of the barriers that must be overcome, and such solutions 
must be provided with trials and experimentation. 

DNA delivery starts from a multistep process that begins with DNA condensation, introduction of 
DNA to systemic circulation, targeted delivery followed by the unpacking of DNA, and translation 
into the eukaryotic cell [25]. The key is success and to overcome the challenge of DNA delivery, the 
mechanism of delivery must be thoroughly considered in design such that there is a maximization of 
therapeutically active DNA and a minimization of side effects. Once condensation of DNA is com- 
pleted, a critical challenge of navigating through the extracellular barriers becomes prominent. The 
infamous immune response is the most likely to occur as an extracellular barrier. In the lungs, alveolar 
macrophages come in response to a triggered immune response. These macrophages are phagocytic 
cells that consume cells that pose a threat to the system [32]. Generally, immune responses are trig- 
gered by viral vectors, but there have been instances where non-viral vectors have activated an immune 
response. One example is when cationic lipoplexes are intravenously injected into the patient, they can 
induce an inflammatory response which involves the release of TNFa and IFNy into the serum [33]. 

After the vector has made it into the cellular environment, it undergoes a process called cellular 
uptake. Cellular uptake is basically the endocytosis of the DNA carrying vector. To reach the target 
cell, the vector must pass through several energy dependent pathways. The efficiency of cellular 
uptake is dependent on several components. Some of these components are size, surface charge, 
variability in the polyplexes, and much more [34-37]. The endosome picks up the vector and medi- 
ates it to the cytosol, where the vector can then enter the nucleus and transfects the genome. To 
effectively transfect the genome, the vector must disassemble from the polyplex in order to activate 
the transcription apparatus and insert the gene of interest into the nuclear genome to attain therapeu- 
tic results [25]. Below in the figure, there is a visual representation of cell mediated gene therapy 
[25]. It covers the steps to induce transfection in a visual form (Figure 1.5). 
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FIGURE 1.5 Cell-mediated gene delivery. 
(Adapted from” non-viral gene therapy: polycation-mediated DNA delivery”.) 
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Another common problem associated with gene therapy is the sustainability of gene expression. 
A major problem in the use of nonviral vectors is the duration that the therapy lasts for. Compared to 
viral vectors, nonviral vector induced gene expression isn’t sustained and usually becomes ineffec- 
tive after a period of time. For situations where there is a lack of gene expression, treatment can be 
applied again, causing the gene to express once more. This constant application of treatment serves 
as inefficient, due to the minor therapeutic activity. 


1.12 IMMUNE RESPONSE CHALLENGES IN GENE DELIVERY 


Immune responses caused by gene therapy are one of the most common challenges circumvented by 
researchers. The immune response is the body’s ability to recognize and defend itself again foreign 
bodies that may pose a threat or be harmful. The use of gene therapy is almost a conflict of interest 
with the immune system, as the use of a foreign vector is used in conjunction with new therapeutic 
genes. Once the vector enters the body, depending on the vector, an immune response could be 
triggered, which can be generally known as immunostimulants. If the cellular immune response is 
induced, cytotoxic T cells will be generated, coupled with a possible humoral immune response, 
by creating specific antibodies [25]. For clinical trials to utilize vectors for gene therapy, they must 
be proven safe in multiple conditions that mimic the human body, and be efficient in gene expres- 
sion while inducing minimal immune responses. It is apparent that when immune responses are 
induced, the level and duration of transgene expression is reduced, due to the ability of CD8 and T 
cell recognizing and eliminating the foreign body [38, 39]. In non-specific immune responses, gene 
expression is inhibited. IFNy and TNFa, which are examples of non-specific cytokines, can decrease 
mRNA stability and cause inhibition in gene transcription [40]. Furthermore, cytokines can inhibit 
promoter genes that aid in the control of transgene expression [41]. With all being said, the only 
way for a vector and specific treatment to meet guidelines to be used in clinical trials is that these 
vectors, once deployed into the body, must be deemed safe and should not conflict with flare ups in 
immune responses. 

With the body’s immune response affecting the delivery for gene therapy, there must be strate- 
gies to circumvent this immune response. One way of regulating an immune response has been the 
use of immunosuppressive agents like cyclosporine, tacrolimus, and cyclophosphamide [42]. These 
immunosuppressive drugs block various pathways that result from antigen presentation all the way 
to the activation of B and T cells. By using these drugs in conjunction with gene therapy, the immu- 
nosuppressive drugs inhibit the synthesis and release of cytokines, while preventing the differentia- 
tion of CD4 cells, hence blocking an immune response [43]. This method could hold promising 
results, such that the suppression of the immune response will allow the vector to unpack the DNA 
and allow it to integrate the host cell. 

The next strategy takes another approach to the immune response. Unlike using immunosuppres- 
sive drugs to inhibit an immune response, this strategy takes the route of administration of vectors 
and how it contributes to the induction of an immune response [44]. Administration of vectors using 
different methods can lead to different results and effectiveness of gene therapy vectors. There 
was a study conducted where mice were injected with a recombinant adeno-associated virus to 
measure the strength of a specific antibody response. In this study, mice were injected with rAAV- 
OVA, an adeno-associated virus, and its therapeutic gene, either by intraperitoneal, intravenous, 
subcutaneously, or intramuscularly injection. The strength level of an OVA-specific CTL response 
was measured after the injection of the gene therapy. The mice that got injected either intraperito- 
neal, intravenous, or subcutaneously developed a strong OVA-specific CTL response, but the mice 
injected intramuscularly produced a minimal OVA-specific CTL response [45]. This shows that the 
method of delivery affects the strength of gene expression within the body. Depending on where the 
gene therapy is needed, a specific type of injection could yield the best result, which would be a low 
response of antibodies. 
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Lastly, another strategy to circumvent an immune response while using gene therapy is the modi- 
fications to the promoter to drive transgene expression. When specific promoters are used for gene 
therapy, the expression level of certain genes vary depending on the promoter used. Regulated promot- 
ers in inflammatory conditions can usually lead to an effective approach for circumventing immune 
responses and gene therapy. Researchers have found that the murine acute phase protein can express 
under inflammatory conditions and avoid transient expression of targeted gene induction [46]. 


1.13 FUTURE PERSPECTIVES 


With many challenges to the delivery of gene therapy, there is potential to optimize the system. For 
example, creating a cocktail of immunosuppressors, promoter modifications, and alternative deliv- 
ery routes combined with the vector and therapy, the ideal scenario would proceed: the immune 
response will fail to trigger, and the vector can unpack the treatment to the cell. However, the ideal 
scenario will take time and research to achieve. Delivery vectors have much improvement that can 
still be made. As previously stated, some vectors have complications that affect the immune sys- 
tem of the body. Future scientists should allocate more of their efforts to suppressing an immune 
response induced by some vectors. These efforts can lead to further modifications and improvements 
within viral and non-viral vectors. The most critical aspect of these modifications must be the reduc- 
tion of their immunotoxicity and cytotoxicity. Modification of vectors to inhibit immune responses 
is essentially the main challenge to be overcome. Beside this, alteration of DNA delivery can be 
researched and modified for the most efficient outcome. Extracellular and intracellular barriers are 
the main inhibitors in DNA delivery within the cell. 


1.14 CONCLUSION 


The science behind gene therapy has long been researched and continues to be a novelty in the field 
of molecular medicine. From the contribution of the complex systems of the body, they challenge 
researchers in their approach toward overcoming the hardships induced by the systems of the human 
body. The development of DNA vectors with a specific emphasis on efficiency of gene expression 
and minimal immunotoxicity can eventually contribute to the successes of gene therapy. With the 
multitude of vectors used in gene therapy, viral and non-viral, there hold a plethora of combinations 
that can maximize the efficiency of gene expression while minimizing the potential for an induced 
immune response. With the correct combination of vector, therapeutic genes, and immunosuppres- 
sive factors, the success of gene therapy can be within reach. Ultimately, the success of gene therapy 
could hold the key for treating and preventing many of the common diseases surrounded by medicine. 


REFERENCES 


1. What is gene therapy? https://medlineplus. gov/genetics/understanding/therapy/genetherapy/ 

2. Gene therapy. https://www.ndsu.edu/pubweb/~mcclean/plsc43 1/students98/schilling.htm 

3. Sun, W., Shi, Q., Zhang, H., et al. Advances in the techniques and methodologies of cancer gene therapy. 
JAMA 2020, 27(146), 45-55. 

4. Drug delivery systems. https://www.nibib.nih.gov/science-education/science-topics/drug-delivery- 
systems-getting-drugs-their-targets-controlled-manner 

5. Kay, M.A., Glorioso, J.C., & Naldini, L. Viral vectors for gene therapy: The art of turning infectious 
agents into vehicles of therapeutics. Nat Med 2001, 7(1), 33-40. 

6. Zwaka, T.P. Use of genetically modified stem cells in experimental gene therapies. 2009. See http:// 
stemcells.nih.gov/info/Regenerative_medicine/pages/2006chapter4.aspx. 

7. Anson, D.S. The use of retroviral vectors for gene therapy-what are the risks? A review of retroviral patho- 
genesis and its relevance to retroviral vector-mediated gene delivery. Genetic vaccines and therapy. BioMed 
Central 2004. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5 15 179/?report=reader#__ffn_sectitle 


12 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22; 


23, 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


Gene Delivery Systems 


. Sakai, H., Kawamura, M., Sakuragi, J., Sakuragi, S., Shibata, R., Ishimoto, A., Ono, N., Ueda, S., & 


Adachi, A. Integration is essential for efficient gene expression of human immunodeficiency virus type 
1. J Virol 1993, 67, 1169-1174. 


. Masuda, T., Planelles, V., Krogstad, P., & Chen, I. Genetic analysis of human immunodeficiency virus 


type 1 integrase and the U3 att site: Unusual phenotype of mutants in the zinc finger-like domain. J Virol 
1995, 69, 6687-6696. 

Klimatcheva, E., Rosenblatt, J.D., & Planelles, V. Lentiviral vectors and gene therapy. Front Biosci 1999, 
4, D481-D496. 

Lee, C.S., Bishop, E.S., Zhang, R., et al. Adenovirus-mediated gene delivery: Potential applications for 
gene and cell-based therapies in the new era of personalized medicine. Genes & Diseases 2017, 4(2), 
43-63. 

Ma, S., & Guan, J. Adenovirus-mediated gene therapy for allergy. Iran J Allergy Asthma Immunol 2018 
Dec 1, 17(6), 502-516. PMID: 30644694. 

Vorburger, S.A., & Hunt, K.K. Adenoviral gene therapy. Oncologist 2002, 7(1), 46-59. 

Suzuki, T., Sasaki, T., Yano, K., Sakurai, F., Kawabata, K., Kondoh, M., et al. Development of a recom- 
binant adenovirus vector production system free of replication-competent adenovirus by utilizing a pack- 
aging size limit of the viral genome. Virus Res 2011, 158, 154-160. 

Vector Biolabs. Adenovirus vs. AAV, which should you use? 2017. [cited August 1, 2021]. https://www. 
vectorbiolabs.com/adenovirus-vs-aav/ 

Bulcha, J.T., Wang, Y., Ma, H., et al. Viral vector platforms within the gene therapy landscape. Sig 
Transduct Target Ther 2021, 6, 53. https://doi.org/10.1038/s41392-021-00487-6 

Ramamoorth, M., & Narvekar, A. Non viral vectors in gene therapy: An overview. J Clin Diagn Res 
2015, 9(1), GEO1. 

Pahle, J., & Walther, W. Vectors and strategies for nonviral cancer gene therapy. Expert Opin Biol Ther 
2016, 16(4), 443-461. https://doi.org/10.1517/14712598.2016.1134480 

Gloves, D.J., & Lipps, H.J. Towards safe non-viral therapeutic gene expression in humans. Nat Rev Genet 
2005, 6, 299-310. 

Baum, C., Kustikova, O., Modlich, U., Li, Z., & Fehse, B. Mutagenesis and oncogenesis by chromosomal 
insertion of gene transfer vectors. Hum Gene Ther 2006, 17, 253-263. 

Bessis, N., GarciaCozar, F.J., & Boissier, M.C. Immune responses to gene therapy vectors: Influence on 
vector function and effector mechanisms. Gene Ther 2004, 11(Suppl. 1), S10-S17. 

Thomas, C.E., Ehrhardt, A., & Kay, M.A. Progress and problems with the use of viral vectors for gene 
therapy. Nat Rev Genet 2003, 4, 346-358. 

Jin, L., Zeng, X., Liu, M., Deng, Y., & He, N. Current progress in gene delivery technology based on 
chemical methods and nano carriers. Theranostics 2014, 4(3), 240-255. 

Arjmand, B., Larijani, B., Sheikh Hosseini, M., Payab, M., Gilany, K., Goodarzi, P., Parhizkar Roudsari, 
P., Amanollahi Baharvand, M., & Hoseini Mohammadi, N.S. The horizon of gene therapy in modern 
medicine: Advances and challenges. Adv Exp Med Biol 2020, 1247, 33-64. 

Shi, B., Zheng, M., Tao, W., Chung, R., Jin, D., Ghaffari, D., & Farokhzad, O.C. Challenges in DNA 
delivery and recent advances in multifunctional polymeric DNA delivery systems. Biomacromolecules 
2017, 18(8), 2231-2246. 

Phillips, A.J. The challenge of gene therapy and DNA delivery. J Pharm Pharmacol 2001, 53(9), 
1169-1174. 

Yin, H., Kanasty, R.L., Eltoukhy, A.A., Vegas, A.J., Dorkin, J.R., & Anderson, D.G. Non-viral vectors for 
gene-based therapy. Nat Rev Genet 2014, 15, 541-555. https://doi.org/10.1038/nrg3763 

Lachelt, U., & Wagner, E. Nucleic acid therapeutics using polyplexes: A journey of 50 years (and 
beyond). Chem Rev 2015, 115, 11043-11078. https://doi.org/10.1021/cr5006793 

Mintzer, M.A., & Simanek, E.E. Nonviral vectors for gene delivery. Chem Rev 2009, 109, 259-302. 
https://doi.org/10.1021/cr800409e 

Liu, Z.Z., Zheng, M., Meng, F.H., & Zhong, Z.Y. Non-viral gene transfection in vitro using endosomal 
pH-sensitive reversibly hydrophobilized polyethylenimine Biomaterials 2011, 32, 9109-9119. https:// 
doi.org/10.1016/j.biomaterials.2011.08.017 

Miyata, K., Kakizawa, Y., Nishiyama, N., Harada, A., Yamasaki, Y., Koyama, H., & Kataoka, K. Block 
catiomer polyplexes with regulated densities of charge and disulfide cross-linking directed to enhance 
gene expression. J Am Chem Soc 2004, 126, 2355-2361. https://doi.org/10.1021/ja0379666 


Challenges in Delivering Gene Therapy 13 


32 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


McCray P.B. Jr., Wang, G., Kline, J.N., Zabner, J., Chada, S., Jolly, D.J., et al. Alveolar macrophages 
inhibit retrovirus-mediated gene transfer to airway epithelia. Hum Gene Ther 1997, 8, 1087-1093. 
Dow, S.W., Fradkin, L., GLiggitt, D.H., Willson, A.P., Heath, T.D., & Potter, T.A. Lipid-DNA complexes 
induce potent activation of innate immune responses and antitumor activity when administered intrave- 
nously. J Immunol 1999, 163, 1552-1561. 

LaManna, C.M., Lusic, H., Camplo, M., McIntosh, T.J., Barthelemy, P., & Grinstaff, M.W. Charge- 
reversal lipids, peptidebased lipids, and nucleoside-based lipids for gene delivery. Acc Chem Res 2012, 
45, 1026-1038. 

Kamaly, N., Xiao, Z.Y., Valencia, P.M., Radovic-Moreno, A.F., & Farokhzad, O.C. Targeted poly- 
meric therapeutic nanoparticles: Design, development and clinical translation. Chem Soc Rev 2012, 41, 
2971-3010. 

Liu, Z.H., Zhang, Z.Y., Zhou, C.R., & Jiao, Y.P. Hydrophobic modifications of cationic polymers for gene 
delivery. Prog Polym Sci 2010, 35, 1144-1162. 

Thomas, M., & Klibanov, A.M. Non-viral gene therapy: Polycation-mediated DNA delivery. Appl 
Microbiol Biotechnol 2003, 62(1), 27-34. 

Jooss, K., Ertl, H.C., & Wilson, J.M. Cytotoxic T-lymphocyte target proteins and their major histocom- 
patibility complex class I restriction in response to adenovirus vectors delivered to mouse liver. J Virol 
1998, 72, 2945-2954. 

Gagandeep, S., Ott, M., Sokhi, R.P., & Gupta, S. Rapid clearance of syngeneic transplanted hepatocytes 
following transduction with E-1-deleted adenovirus indicates early host immune responses and offers 
novel ways for studying viral vector, target cell and host interactions. Gene Ther 1999, 6, 729-736. 
Ghazizadeh, S., Carroll, J.M., & Taichman, L.B. Repression of retrovirus-mediated transgene expression 
by interferons: Implications for gene therapy. J Virol 1997, 71, 9163-9169. 

Qin, L., Ding, Y., Pahud, D.R., Chang, E., Imperiale, M.J., & Bromberg, J.S. Promoter attenuation in 
gene therapy: Interferon-gamma and tumor necrosis factor-alpha inhibit transgene expression. Hum Gene 
Ther 1997, 8, 2019-2029. 

Ritter, T., Lehmam, M., & Volk, H.-D. Improvements in gene therapy: Averting the immune response to 
adenoviral vectors. BioDrugs 2002, 16, 3-10. 

Brown, B.D., & Lillicrap, D. Dangerous liaisons: The role of “danger” signals in the immune response to 
gene therapy. Blood 2002, 100, 1133-1140. 

Ge, Y., Powell, S., Van Roey, M., & McArthur, J.G. Factors influencing the development of an anti-factor 
IX (FIX) immune response following administration of adeno-associated virus-FIX. Blood 2001, 97, 
3733-3737. 

Brockstedt, D.G., Podsakoff, G.M., Fong, L., Kurtzman, G., Mueller-Ruchholtz, W., & Engleman, E.G. 
Induction of immunity to antigens expressed by recombinant adeno-associated virus depends on the 
route of administration. Clin Immunol 1999, 92, 67-75. 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


Advances in Genome Editing 
The Technology of Choice for 
Precise and Efficient Disease 
Treatment, with Special Focus on 
Nano Delivery Systems 


Komal Parmar 
Shri G.M. Bilakhia College of Pharmacy, Vapi, India 


Jayvadan Patel 


Sankalchand Patel University, Visnagar, India 


CONTENTS 
211] INTrOdUCHOI: iesea ceai Bese ca tocat hs A veces os da oua Sa cae speck dale da ia sees 15 
2.2 Three Major Genome Editing Methods... eee nana emana nenea en enaena en 16 
2.2.1 Zinc-Finger Nucleases (ZENS) ........ mean eee nana nana amana a a e a 16 
2.2.2 Transcription Activator-Like Effector Nucleases (TALEN) .........e:ceeseeseeeseeeeneeeneees 17 
2.3 Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/CAS) ..... ee 17 
2.3.1 Applications of Genome Editing in Therapy... nenea eee nene na 18 
2.3.2 Nano Delivery Approaches in Genome Editing for Disease Treatment .................... 18 
232.1 ‘lipid: Nanoparticles: sce tico ceace ag că a a pa ac d d eae ey 18 
2.3.22: Polymeric: Nanoparticles: secetos catod acc oda dl a a ba aa a ss 20 
23.2.3". Extra-Cellular Vesicles): cscs. arin niin i elena aden aa ua 21 
2.3.2.4 Miscellaneous Nanoparticles... cece eeeeseceeessecseeeeesseeseceseeaeenseeseeess 22 
24, Future Perspectives ca ca e sei i eset dus tency du ala beg căi AM aad 0 cle 23 
AbbreviatiOns: sai coaie a d a la a air a ala a a i aaa ta al bad bca at 0 23 
ROLSTENCES E E E teed EAE da tereee bale ta ad teenie Duo dai E atasa dou 24 


2.1 INTRODUCTION 


Genetics is in a fantastic place right now, thanks to improvements in genetic analysis and manipu- 
lation. Gene therapy is the process of changing or introducing new genes to a person’s genome in 
order to treat or increase their ability to tackle disease. One facet of gene therapy is genome editing. 
Existing gene therapy procedures are founded on the findings of longer apparent laboratory investi- 
gations on individual cells and nonhuman species, demonstrating the ability to complement, elimi- 
nate, or alter genes in living beings. The advent of very adaptable genome-editing technology has 
given researchers the ability to rapidly and cost-effectively incorporate sequence-specific alterations 
into the genomes of a wide spectrum of cell types and organisms over the past few years (Metje- 
Sprink et al. 2019, Tsanova et al. 2021). The invention of genetic engineering in the late 20" century 
ushered in a new era in genome editing (Scherer and Davis, 1979; Rothstein, 1983; Smithies et al., 
1985; Thomas et al., 1986). The true origins of this technique can be traced back to forerunners in 
genome engineering (Ishino et al., 1987; Nakata et al., 1989). Basically, genome editing refers to 
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FIGURE 2.1 Basics of genome editing. 


the employment of molecular tools, wherein genomic DNA is sliced in certain sites to facilitate 
tailored changes in the DNA pattern. These DNA splits then initiate cellular DNA repair processes, 
allowing site-specific epigenetic amendments to be introduced more easily (Bibikova et al., 2002; 
Urnov et al., 2005) (Figure 2.1). Initially, investigators found that when a length of DNA with simi- 
lar arms on both ends is put into a cell, it may be assimilated into the host genome by homologous 
recombination and can control desired modifications in the cell (Capecchi 1989). However, the tech- 
nique was limited to only dividing cells (Saleh-Gohari and Helleday, 2004). Later, more robust and 
effective gene targeting was achieved by the introduction of the double stranded break at a definite 
genomic target. The activation of cellular DNA repair mechanisms is then triggered, allowing for 
the insertion of site-specific genomic alterations. (Rouet et al., 1994). Several gene editing strategies 
have concentrated on the innovation and application of various endonuclease-based mechanisms 
to produce these breaks with high accuracy (Jacinto et al., 2020). Specifically, zinc finger nucle- 
ases (ZFNs), transcription activator-like effector nuclease (TALENs), meganucleases or homing 
endonucleases (MegNs), and clustered regularly interspaced short palindromic repeats (CRISPR)/ 
CRISPR-associated protein 9 (Cas9) are four key sites-specific genome editing strategies that have 
cleared the path for potential agricultural and medical advancements. In recent years, the genome 
editing technique is used fruitfully in varied clinical applications (Foss et al., 2019; Memi et al., 
2018; Mahmoudian-sani et al., 2018). The chapter focuses on genome editing tools and its applica- 
tions in treatment of various diseases employing nano delivery systems. 


2.2 THREE MAJOR GENOME EDITING METHODS 
2.2.1. ZINC-FINGER NUCLEASES (ZFNS) 


ZFNs are made by connecting a non-sequence specific cleavage domain to a zinc finger-loaded 
site-specific DNA-binding domain (Urnov et al., 2010). In Xenopus oocytes, the zinc-finger protein 
with site-specific DNA binding characteristics was identified in 1985 as part of the interaction of 
Xenopus protein transcription factor Illa with 5S RNA (Klug 2010). The developed zinc-finger 
domain’s functional specificity is obtained from an assembly of Cys,His, zinc fingers, which are 
produced from highly conserved couplings of their zinc-finger domains with homologous DNA 
sequences. The most prevalent form of DNA-binding domain in eukaryotic transcription factors is 
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Cys,-His,-ZF, which is a flexible DNA recognition domain (Mueller et al., 2020). The DNA-binding 
and catalytic domains can be tuned separately, making redirection and platform optimization efforts 
easier. The Zinc Finger Protein region allows a ZEN to bind a distinct base sequence (Wolfe et al., 
2000). The FokI type II restriction endonuclease creates a DNA-cleaving domain that can be used 
in a dimer to target specific sequences within the genome for successful gene editing (Smith et al., 
2000). Because the FokI nuclease must dimerize in order to cleave DNA, two ZFN molecules are 
normally required to attach to the target site in the correct orientation, resulting in a twofold increase 
in the number of specifically identified base pairs. After ZFNs cleave DNA in eukaryotic cells, 
double strand breaks are created at a specific site of the genome, causing the desired changes in the 
endogenous NHEJ or HDR repair processes. 


2.2.2 TRANSCRIPTION ACTIVATOR-LIKE EFFECTOR Nuc eases (TALEN) 


The TALEN (Transcription Activator-Like Effector Nucleases) tool was introduced in 2011 to 
improve the efficiency, reliability, and accessibility of genome editing. The transcription activator- 
like effectors (TALES) generated by the phytopathogenic bacteria Xanthomonas genus gave rise to 
the TALEN system (Moore et al., 2014). The activator proteins are members of the DNA binding 
protein family and, like transcription factors in eukaryotic genomes, can be utilized to promote 
the expression of their target genes. The TALE proteins’ DNA binding domain is constituted of 
monomers of 34 amino acid residues, each of which binds one nucleotide in the target nucleotide 
sequence (Christian et al., 2012). Apart from two hypervariable amino acids (the repeat variable di- 
residues) at positions 12 and 13, the amino acid sequence of each repeat is fundamentally similar 
and in charge of identifying a specific nucleotide. (Mak et al., 2013). To produce TALEN-induced 
targeted genomic alteration, the functional endonuclease FokI is artificially coupled to DNA binding 
domains to form site-specific DSBs and encourage DNA recombination. The FokI cleavage domain 
must be dimerized in order to cleave the two strands of the targeted DNA. As a result, TALEN 
modules are built in pairs to engage opposing DNA target loci, with sufficient separation (12—20 bp) 
between the two binding sites (Li et al., 2011). 


2.3 CLUSTERED REGULARLY INTERSPACED SHORT PALINDROMIC REPEATS 
(CRISPR/CAS) 


CRISPR-Cas is a bacterial adaptive immune system that cleaves invading nucleic acids. CRISPRs 
were first discovered in E. coli in 1987 during an examination of genes involved in phosphate metab- 
olism, and later in a variety of other bacterium species (Ishino et al., 2018). CRISPR-Cas systems 
are classified into two groups (class I and II), based on the structural variation of the Cas genes and 
the way they are organized. The classes are further subdivided into six types (type I-VI). Class I 
includes type I, III, and IV, and class II includes type II, V, and VI (Makarova and Koonin, 2015). 
Class 1 CRISPR—Cas systems have multiprotein effector complexes, whereas class II systems only 
have a single effector protein. Presently, six subtypes of the Type I system (Type I-A through Type 
I-F) have been found, each with a different number of Cas genes. All Type I systems, with the 
exception of casl, cas2, and cas3, encode a Cascade-like complex. Cascade is the name given to the 
effector complex of type I systems (CRISPR-associated complex for antiviral defense) (Brouns et 
al., 2008). Cascade engages crRNA and locates the target, and the majority of variations are also in 
charge of crRNA processing. In rare circumstances, cascade can also help with spacer acquisition. 
Cas3 is a component of the Cascade complex in the Type I-A system, a protein with both helicase 
and DNase domains responsible for degrading the target (Huo et al., 2014; Gong et al., 2014). Cas1 
and Cas2, the Cas9 hallmark protein, and occasionally a fourth protein are encoded by Type II 
CRISPR-Cas systems (Csn2 or Cas4) (Chylinski et al., 2014). Cas9 helps with adaptation, engages 
in crRNA processing, and cleaves the target DNA with the help of crRNA and tracrRNA (Karvelis 
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et al., 2013). Type II systems are split into subtypes II-A, II-B, and II-C. In Type II-A and Type 
II-B, respectively, the csn2 and cas4 genes encoding adaptation proteins are present, whereas Type 
II-C lacks a fourth gene (Rath et al., 2015). The Type III CRISPR-Cas systems contain the hallmark 
protein Cas10 with unclear function (Dorsey et al., 2019). 

The type II CRISPR/Cas9 system, which relies on a single Cas protein from Streptococcus pyo- 
genes (SpCas9) targeting specific DNA sequences and is hence an appealing gene editing tool, is the 
most commonly utilized subtype of CRISPR systems (Hsu et al., 2014; Mir et al., 2018; Tang and 
Fu, 2018; Wang et al., 2020). The CRISPR/Cas9 system is made up of two parts: a single-stranded 
guide RNA (sgRNA) and a Cas9 endonuclease. The sgRNA often provides a specific 20-base-pair 
(bp) sequence befitting the target DNA site in a sequential manner, and this must be accompanied 
by a short DNA sequence upstream integral for Cas9 protein suitability, known as the “protospacer 
adjacent motif’ (PAM) of a “NGG” or “NAG” protein. Cas9 accurately cleaves the DNA to induce 
a DSB after the sgRNA attaches to the target sequence via Watson—Crick base pairing. DNA-DSB 
repair mechanisms begin genome repair after the DSB. Targeted genomic alterations, including the 
inclusion of tiny insertions and deletions (indels), can be generated with the CRISPR/Cas9 system 
via NHEJ or high-fidelity HDR pathways. 

With the CRISPR/Cas9 platform, three common genome editing techniques have been devel- 
oped: 1) In vitro, the plasmid-based CRISPR/Cas9 method, which uses a plasmid to encode Cas9 
protein and sgRNA21,22, assembles Cas9 gene and sgRNA into the same plasmid. This method 
produces longer-lasting Cas9 and sgRNA expression and eliminates the need for multiple transfec- 
tions; 2) major disadvantage of direct intracellular delivery of Cas? messenger RNA (mRNA) and 
sgRNA is the poor stability of mRNA, which results in transitory mRNA production and a limited 
duration of gene modification; 3) Cas9 protein and sgRNAS6 are delivered directly, which has a 
number of advantages, including quick action, high stability, and low antigenicity (Liu et al., 2017). 


2.3.1 APPLICATIONS OF GENOME EDITING IN THERAPY 


The use of chimeric gene editing tools to target gene adjustment is a potent way of assessing gene 
function and thereby manipulating cellular behaviour and functioning. Thanks to these genome 
editing techniques, the investigators have been able to employ genetically altered animals to bet- 
ter understand the epidemiology of many diseases and to elucidate underlying pathways that can 
be explored for better therapeutic approaches. The execution for disease treatment can be done in 
two ways: first, cells can be withdrawn from a patient or donor and edited outside the body before 
being reintroduced into the patient, or the genome editor can be introduced directly into the in vivo, 
using nano delivery systems (Li et al., 2020a; Mills et al., 2020). It’s vital to note that gene edit- 
ing’s therapeutic effectiveness is dependent on the number of parameters, including editing efficacy, 
which varies greatly relying on the type of cell, ageing condition, and cell cycle stage of the recipi- 
ent (Rodriguez-Rodriguez et al., 2019). Other variables that impact therapeutic efficacy include cell 
proficiency, which alludes to the viability of achieving a therapeutic reconfiguration baseline, and 
the effective transmission of programmable nuclease structure to the target tissue. Along with these 
factors, precision of the editing process is considered the important facet of the technique (Wang et 
al., 2017). In cell lines, disease models, and humans, genome editing procedures have been used to 
treat a variety of genetic ailments (Table 2.1). 


2.3.2 NANO DELIVERY APPROACHES IN GENOME EDITING FOR DISEASE TREATMENT 


2.3.2.1 Lipid Nanoparticles 


Lipid nanoparticles is one of the traditional delivery methods for nucleic acid transfer and has been 
widely investigated (Noh et al., 2011; Buck et al., 2019; Mohammadinejad et al., 2020). Negatively 
charged nucleic acids and positively charged lipids form a compound through mediated activation 
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TABLE 2.1 


Genome Editing Method in Treatment of Various Diseases 


Genome Editing Method 


CRISPR Hemophilia Chen et al. (2019) 

NHEJ knock-in Hemophilia Zhang et al. (2019a) 

CRISPR Mucopolysaccharidosis Ou et al. (2020), 

Zinc finger nucleases Murine Hurler Syndrome Ou et al. (2019) 

CRISPR/Cas9 Mucopolysaccharidosis de Carvalho et al. (2018), Schuh et al. 
(2020) 

TALEN Sickle cell disease Sun and Zhao (2014) 

CRISPR/Cas9 Wilson’s disease Pöhler et al. (2020) 

CRISPR/Cas9 Colon cancer Li et al. (2020b) 

CRISPR/Cas9 Leukemia Valletta et al. (2015) 

Zinc finger nucleases Usher Syndrome Overlack et al. (2012) 

CRISPR/Cas9 Alzheimer disease Ortiz-Virumbrales et al. (2017), Gyorgy 


Zinc finger nucleases and TALEN 


Treatment of Disease 


Cancer 


Reference 


et al. (2018) 
Piganeau et al. (2013) 


CRISPR/Cas9 Angelman syndrome Schmid et al. (2021) 

CRISPR/Cas9 Ovarian cancer Walton et al. (2016) 

Zinc finger nucleases Sickle cell disease Porteus (2006) 

CRISPR/Cas9 Acute Myeloid Leukemia Brabetz et al. (2017) 

CRISPR/Cas9 Chronic Myeloid Leukemia Valletta et al. (2015) 

CRISPR/Cas9 Targeting of PCSK9 in Human Hepatocytes Wang et al. (2016), Ding et al. (2014) 
to prevent cardiovascular disease 

CRISPR/Cas9 Dyslipidemia Chadwick and Musunuru (2017) 

CRISPR/Cas9 Hearing loss Gao et al. (2018) 

TALEN Cystic fibrosis Xia et al. (2019) 

Meganuclease and TALEN Xeroderma pigmentosum group C Dupuy et al. (2013) 

CRISPR/Cas9 Cervical cancer Zhen et al. (2014), Kennedy et al. 

(2014) 
CRISPR/Cas13a Cervical cancer Chen et al. (2020) 


CRISPR/Cas9, TALEN, ZFN 
CRISPR/Cas9, TALEN 


B-Thalassemia 


6-Thalassemia 


Antony et al. (2018) 
Xu et al. (2015) 


CRISPR/Cas9 Dystrophic cardiomyopathy El Refaey et al. (2017), Xu et al. (2019) 
TALEN B-Thalassemia Ma et al. (2013) 
CRISPR/Cas9 B-Lymphoma Bai et al. (2020) 


and electrostatic forces, which is then later taken via the endocytosis process. Nanoparticles can 
transmit plasmids or mRNAs safely and effectively to the target cells while also preventing them 
from being degraded by nucleases. Lipid nanoparticles have been shown to transfer siRNA and 
mRNA in investigational studies. 

Schuh and co-workers studied targeting of CRISPR/Cas9 and a donor oligonucleotide aiming at 
Mucopolysaccharidosis type I gene editing in vitro. The DNA were complexed with nanoemulsions, 
which showed effective introduction into MPS I p.Trp402+ patient’s fibroblasts (Schuh et al. 2018a). 
CRISPR/Cas9 plasmids were delivered effectively into a triple-negative breast malignancy, using 
an antibody-conjugated tumor-targeted nanolipogel. The Lipocalin 2 gene knocking efficiency 
of 81 percent resulted in a 77 percent reduction in cancer growth. These investigations showed 
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that tumor-targeted nanolipogel are a secure, precise, and efficient delivery vehicle for CRISPR- 
mediated genome editing with target specificity (Guo et al., 2019). 

A novel delivery vehicle in the form of thread-like DNA nanoclews was fabricated. In this 
approach, the Cas9 protein and sgRNA were integrated with DNA as a core and encased in poly- 
etherimide. Endosomal escape is triggered by the positive charge on the polyetherimide surface, 
which enhances transfection efficiency (Sun et al., 2015). Besides, in another study, researchers 
described a novel dual-function gene carrier viz. a-helical polypeptide poly (PPABLG). With its 
high positive charge, PPABLG can bind Cas9 proteins and sgRNAs to form nanoparticles with the 
help of polyethylene glycol while maintaining its helical structure, allowing it to penetrate mem- 
branes more effectively. In vitro performance of the nanoparticles in gene editing was up to the 
level of 47.3 percent. Further in vivo, the nanoparticles can target and suppress the tumor growth by 
more than 71 percent by eliminating the Plk1 gene 66.7 percent in HeLa tumor tissues and thereby 
extending survival rate by 60 percent (Wang et al., 2018). Self-assembled long-circulating pH-sen- 
sitive cationic nano-liposomes were prepared for delivery of CRISPR-associated protein 9 for gene 
therapy in cervical cancer. CRISPR/Cas9 system efficiently repressed proliferation of human papil- 
lomavirus (HPV) 16-positive cervical tumor cells and induced programmed cell death by disabling 
the HR-HPV 16E6/E7 oncogene (Zhen et al., 2020). In vivo genome editing of mucopolysaccharido- 
sis I (MPS I) mice using the CRISPR/Cas9 system was investigated employing cationic liposomes 
as a carrier. The liposomal system was fabricated by microfluidization process by the addition of 
DNA at +4/—1 charge ratio. The outcome exhibited complexes of about 110 nm, with positive zeta 
potential of +30 mV. The incubation of the complexes with fibroblasts from MPS I patients led to 
a striking increase in alpha-L-iduronidase activity and decrease in lysosomal abnormalities (Schuh 
et al., 2018b). Lipid nanoparticles were employed for efficient genome editing with Cas9-sgRNA 
in vivo. Using these lipid nanoparticle formulations of these enhanced sgRNAs (e-sgRNA) and 
mRNA encoding Cas9, investigators proposed that a single intravenous injection into mice brings 
>80 percent editing of Pcsk9 in the liver. Thus, serum Pcsk9 is reduced to imperceptible levels, 
and cholesterol levels are suggestively dropped about 35 percent to 40 percent in animals (Yin et 
al., 2017). Miller and co-workers developed zwitterionic amino lipids to (co)deliver long RNAs, 
including Cas9 mRNA and sgRNAs. Low sgRNA doses (15 nm) delivered through nanoparticles 
suppress protein expression in cells by over 90 percent. In vitro (600 pM) and in vivo (1 mg/kg), 
mRNA delivery by zwitterionic amino lipids leads to high protein expression at modest dosages. In 
the liver, kidneys, and lungs of transgenic mice, intravenous co-delivery of Cas9 mRNA and sgLoxP 
produced floxed tdTomato expression (Miller et al., 2017). In one work, authors illustrated that by 
targeting the TTR or PCSK9 genes with mRNA encoding zinc finger nucleases packaged into lipid 
nanoparticles, the result was >90 percent knockout of gene expression in mice at mRNA concentra- 
tions 10-fold lower than previously reported (Conway et al., 2019). 

Self-assembled micellar delivery using F127/PPO-NMe; of plasmids was developed for human 
papillomavirus (HPV) E7 oncogene and Natronobacterium gregoryi Argonaute (NgAgo) manipula- 
tion. In vitro and in vivo, Cas9-mediated E7 deletion diminishes HPV-induced carcinogenic activity, 
whereas NgAgo has little effect on E7 suppression in the xenograft mouse model (Lao et al., 2018). 


2.3.2.2 Polymeric Nanoparticles 

Polymers are among the most commonly investigated materials for drug and gene delivery as nano- 
carriers. This is attributed to a variety of inherent features, including as structural flexibility, biocom- 
patibility, and simplicity of synthesis, all of which have aided in polymeric nanoparticle design in 
gene editing. These polymers can be electrostatically coupled with genetic material at physiological 
pH, thereby making gene transport easier (Thomas et al., 2019). Cationic polymer carriers have 
higher chemical diversity and functional potential than cationic lipid carriers, allowing for more 
versatile structural designs (Barua et al., 2011). Polymer nanoparticle carriers, like lipid carriers, can 
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pass through the membrane via endocytosis and shield loaded contents from immune reaction and 
nuclease destruction (Kou et al., 2013). 

Recently, biodegradable poly(beta-amino ester) (PBAE) nanoparticles were investigated for the 
efficient therapy of pediatric CNS malignancies. The nanoparticles were tested for plasmid delivery 
of a suicide gene therapy to pediatric brain cancer models, specifically the herpes simplex virus type 
I thymidine kinase (HSVtk), which causes transfected cells to undergo regulated apoptosis. In vivo, 
PBAE-HSVtk treated groups had a greater survival rate in mice implanted with atypical teratoid/ 
rhabdoid tumors (P = 0.0083 vs. control) and medulloblastoma (P < 0.0001 vs. control) (Choi et al., 
2020). In another study, authors demonstrated supramolecular nanoparticle vectors by mixing three 
molecular building blocks, i.e., B-cyclodextrin-grafted branched polyethyleneimine, adamantane- 
grafted polyamidoamine dendrimer, and Ad-grafted poly(ethylene glycol) employed for introduction 
of Cas9/sgRNA-plasmid and Donor-RS1/GFP-plasmid in BALB/c-strain mice. Results suggested 
CRISPR/Cas9-mediated knockin of 3.0-kb Retinoschisin 1/green fluorescent protein gene into the 
Rosa26 site in mice retinas for X-Linked Juvenile Retinoschisis (Chou et al., 2020). Yang and co- 
workers exhibited supramolecular nanosubstrate (Ad-grafted silicon nanowire substrates )—mediated 
delivery to facilitate CRISPR-Cas9 knockin of the hemoglobin beta gene into the adeno-associated 
virus integration site 1 safe-harbor site of an engineered K562 3.21 cell line harboring the sickle cell 
disease mutation. Stepwise treatments of the two supramolecular nanoparticle vectors encapsulat- 
ing a Cas9.single-guide RNA complex and a hemoglobin beta/green fluorescent protein—encoding 
plasmid, CRISPR-Cas9 knockin was efficaciously accomplished through endogenous homology- 
directed repair pathway (Yang et al., 2020). Zhang and co-workers reported co-delivery of Sorafenib 
and CRISPR/Cas9 via polyamidoamine-aptamer-coated hollow mesoporous silica nanoparticle. In 
all nine identical sites, the nanocomplex showed >60 percent EGFR-editing efficacy without off- 
target effects, inhibiting angiogenesis through controlling the EGFR-PI3K-Akt pathway, and exhib- 
iting a synergistic effect on cell proliferation. This gene-chemo-combination therapy provided 85 
percent tumor suppression in a mouse model with no apparent negative effects on normal tissues 
(Zhang et al., 2020). 


2.3.2.3 Extra-Cellular Vesicles 


Extracellular vesicles are an emerging new type of biological RNA delivery mechanism that is 
progressively being studied. Extracellular vesicles are nanosized particles discharged into the 
extracellular environment by generating cells to interact with and act on remote and nearby cells. 
Extracellular vesicles can transport a variety of cellular material, including DNA, messenger RNA, 
microRNA, and proteins to specific cells (Jiang et al., 2017; Massaro et al., 2020). 

Recently, epithelial cell and cancer cell -derived micro-vesicles were investigated for delivery of 
CRISPR/Cas9 plasmids in tumors of HepG2 xenografts in vivo. qPCR results exhibited that miR-21 
and miR-181a expression were upregulated in HepG2 cells treated with cancer cell -derived micro- 
vesicles. Furthermore, results suggested CRISPR/Cas9 conferring synergistic anti-tumor effect with 
sorafenib (He et al., 2020). In one study, authors report cancer derived exosomes for potential deliv- 
ery of CRISPR/Cas9 plasmids in ovarian cancer tumors of SKOV3 xenograft mice. Results exhibited 
that CRISPR/Cas9-loaded exosomes can suppress expression of poly (ADP-ribose) polymerase-1 
(PARP-1), resulting in the initiation of programmed cell death in ovarian cancer. Consequently, 
PARP-1 suppression via CRISPR/Cas9-mediated genome editing improved cisplatin chemosensi- 
tivity, indicating synergistic cytotoxicity (Kim et al., 2017). In another study, extracellular vesicles 
decorated via cholesterol to valency-controlled tetrahedral DNA nanostructures conjugated with 
DNA aptamer; were studied for tumor cell targeting. The intracellular transport of RNP by TDN1- 
extra-cellular vesicles efficiently achieved RNP’s subsequent genome editing, resulting in GFP or 
WNT10B downregulation in certain cells. This approach was eventually used to lower WNT10B 
protein expression, which resulted in significant tumor growth inhibition in vitro, ex vivo, and in vivo 
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FIGURE 2.2 Nanoparticle delivery for gene editing tools. 


(Zhuang et al., 2020). An extracellular nanovesicle-based ribonucleoprotein delivery system named 
NanoMEDIC was developed for CRISPR-Cas9 nuclease and gRNA. Authors demonstrate efficient 
genome editing in various hard to-transfect cell types, including human induced pluripotent stem 
cells, neurons, and myoblasts. NanoMEDIC also achieved over 90 percent exon skipping efficien- 
cies in skeletal muscle cells derived from Duchenne muscular dystrophy patient induced pluripotent 
stem cells (Gee et al., 2020). In another study, restoration of dystrophin protein expression by exon 
skipping was achieved by CRISPR-Cas9 system in myoblasts from induced pluripotent stem cells 
(Ifuku et al., 2018). Figure 2.2 illustrates different nano-deliveries for gene editing tools. Table 2.2 
tabulates various nano-tools for genome editing. 


2.3.2.4 Miscellaneous Nanoparticles 

Different approaches in nanostructures are investigated by various researchers for genome editing 
for varied purpose. Recently, Bi-functionalized aminoguanidine-PEGylated periodic mesoporous 
organosilica nanoparticles were investigated for intracellular delivery of the Cas9-sgRNA ribonu- 
cleoprotein complex. Gene-editing was observed with an efficiency of about 40 percent as measured 
by GFP gene knockdown of HT1080-GFP cells, with no notable change in the morphology of the 
cells (Salekdeh et al., 2021). In another study, biomimetic cancer cell coated zeolitic imidazolate 
frameworks were reported for genome editing carrying CRISPR-Cas9. Incubation of C3-ZIFMCF 
with MCF-7, HeLa, HDFn, and aTC cell lines showed the highest uptake by MCF-7 cells and neg- 
ligible uptake by the healthy cells. A three-fold repression in the enhanced green fluorescent protein 
expression was observed (Alyami et al., 2020). CRISPR-Cas12a based nucleic acid amplification- 
free fluorescent biosensor was developed to detect cfDNA by a metal-enhanced fluorescence using 
DNA-functionalized Au nanoparticle to detect breast cancer gene-1 with very high sensitivity in 
30 minutes (Choi et al., 2021). 
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TABLE 2.2 


Nano Delivery in Genome Editing 


Type of Nano Delivery 


Lipid nanoparticle 


Lipid nanoparticle 

Cationic polymer 
polyethyleneimine-B- 
cyclodextrin 


Cationic liposomes 
Supramolecular nanoparticles 


Poly(lactic-co-glycolic acid) 
nanoparticle 
Polyethylenimine based 
magnetic nanoparticles 
Extracellular vesicles 
Exosome 
Exosome-liposome hybrid 
nanoparticles 
Liposome-Templated Hydrogel 
Nanoparticles 
Aptamer-cationic liposome 
Aptamer-functionalized 
lipopolymer 


Extracellular vesicles 


Lipid nanoparticles 
Lipid nanoparticles 
PLGA-Nanoparticles 


Genome Editing 
Cas9 messenger RNA 
and sgRNA 
sgRNA 
Cas9 and sgRNA 


Cas9 and sgRNA 
plasmids 

Cas9essRNA 
ribonucleoprotein 

CRISPR-Cas9 plasmid 


CRISPR-Cas9 plasmid 
CRISPR-Cas9 plasmid 
CRISPR-Cas9 plasmid 
CRISPR-Cas9 plasmid 


CRISPR-Cas9 plasmid 


CRISPR-Cas9 plasmid 
CRISPR-Cas9 plasmid 


CRISPR-Cas9 plasmid 


CRISPR-Cas9 mRNA 
CRISPR-Cas9 
CRISPR-Cas9 


Knockout Protein 


Proprotein convertase subtilisin/ 
kexin type 9 

Mouse transthyretin (Ttr) gene 

Hemoglobin subunit beta and 
rhomboid 5 homolog 1 


GFP gene 


dystrophin gene 


Induce expression of bacterial 
Cas9 in murine bone marrow 
Blue florescent protein gene and 
green florescent protein gene 

Myc oncogene 
Green florescent protein gene 


Mesenchymal stem cells 


Polo-like kinase 1 


Polo-like kinase 1 

Vascular endothelial growth 
factor A 

CHME-5 cells and HIV 


LTR (long terminal repeat regions) 


Angptl3 gene 
PLKI 


CD34+ hematopoietic stem and 
progenitor cells 
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2.4 FUTURE PERSPECTIVES 


The exploratory research to date has asserted important contributions of genome editing systems 
to utilize treatment modalities for diverse human ailments, with the CRISPR/Cas9 system being 
incredibly beneficial by interacting directly with target gene position or providing multipurpose tools. 
Hereafter, a blend of consolidated CRISPR screening and current data on the genetic and epigenetic 
properties of deadlier diseases will be able to find synthetic fatal interactions in the genome and speed 
up the emergence of new therapeutic targets. Overall, the technology has potential to elucidate the 
disease mechanism and progression, thereby providing novel therapies. Nanotechnology provides a 
toolbox for the development of genome editing tools. Amalgamation of nanotechnology with gene 
editing tools will surface the way for genome editing in clinical disease treatment in the coming years. 


ABBREVIATIONS 


DNA 


RNA ribonucleic acid 


deoxyribonucleic acid 
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NHEJ non-homologous end joining 

HDR homology-directed repair 

SpCas9 Cas protein from Streptococcus pyogenes 
PAM  protospacer adjacent motif 

DSB  Double-strand break 

MPS I  Mucopolysaccharidosis I 

EGFR Estimated glomerular filtration rate 

GFP Green fluorescent protein 

qPCR quantitative polymerase chain reaction 
PLGA poly D,L-lactic-co-glycolic acid 
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3.1 INTRODUCTION 


Small RNA molecules are a category of RNAs comprising less than 200 nucleotides that are capable 
of regulating gene expression in both prokaryote and eukaryote [1]. These small RNAs, like siRNA 
and miRNA, demonstrate potential for being a remarkable tool to counter several pathological con- 
ditions through regulation of expression of a specific gene via another small RNA called RNA 
interference (RNAi) [2]. The RNAi is a strategy in which gene silencing occurs after the synthesis 
of protein (post transcriptional) that is stimulated by miRNA of genome origin, germ line-specific 
Piwi-interacting RNA (piRNA), and small interfering RNA (siRNA) [3]. siRNAs are exogenous 
molecules of synthetic origin extensively implemented in biological research [4]. siRNAs can be 
distinguished from microRNA in that siRNA prohibits the expression of definite targeted mRNA, 
whereas microRNA regulates the mRNA expression [5]. Such convenient properties of siRNA have 
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drawn much attention in the past to employ the delivery of siRNA in the RNAi-based drug delivery 
approaches. The siRNAs are composed of ds RNA molecules with typical 21 to 23 nucleotides in 
either strand, along with having two nucleotides overhanging at both 3’ ends. In cytoplasm, siRNAs 
develop enzyme-based systems comprising of multiple units of protein, which are expressed as 
RNA induced silencing complex (RISC) [6]. These units of protein regulate deterioration and elimi- 
nation of the sense strand from RISC. Therefore, the antisense strand that is remaining is attached to 
the complementary mRNA to commence the deterioration through RISC [7]. Taking these facts into 
account, siRNA can be remodeled to downregulate the target gene; therefore, its therapeutic poten- 
tial treats a wide array of diseases varying from infections to genetic diseases, as well as cancers [8]. 
In cancer treatment particularly, the target gene is broadly regulated via oncogenes, angiogenesis, 
proliferation, cell cycle, etc [9]. Several approaches, including clinical studies, have been taken into 
consideration to have successful gene therapy. The massive research numbers are motivated towards 
overcoming the setbacks and challenges linked with traditional cancer therapy strategies, and these 
include transfer of both viral and non-viral genes, offering promising therapeutic options for cancer 
patients [10]. Moreover, there are certain obvious issues related to gene therapy, out of which the 
delivery associated drawbacks are more common. The naked RNA molecule cannot invade the target 
cells due to their dimensions, hydrophilic nature, and negative charge. So, in order to have a solution 
to these problems, various approaches, like application of viruses, polymers, lipids, nucleic acid 
etc, in drug carrier systems, are under scrutiny [11]. Such approaches are not often prudent due to 
absence of efficacy, non-targetability, toxicity, or immunogenicity. For instance, it was observed that 
the cationic lipids employed in liposomal formulations often invoke unwanted immune responses, 
while cationic polymers employed demonstrate higher cytotoxicity [12]. Such detrimental immune 
responses and cytotoxicity have also been observed in the delivery of viral gene vectors. Colloidal 
nanocarriers are being identified by the immune system as foreign entities, leading to allergic reac- 
tion, or infusion reaction, which are explained as complement (C) activation-related pseudoallergy 
(CARPA) [13]. A novel category of biological RNA delivery systems is emerging now that are being 
extensively investigated. Such a novel biological RNA delivery system is denoted as “Extracellular 
Vesicles” (EVs) [14]. EVs are nano-vesicles that have an outer phospholipid bilayer and that are 
released by all the cells existing in living organisms of all domains, like eukaryotes, bacteria, and 
archaea. EVs are also involved in cell-cell interaction. Since EVs are endogenously expelled, they 
may provide a safe alternative for gene delivery [15]. These are biocompatible drug delivery carri- 
ers which have emerged as a potential tool over the last few years; increased demand is due to their 
unique characteristics, for instance they are capable of protecting and transporting the therapeutic 
molecule throughout the body [16]. 


3.2 EXTRACELLULAR VESICLES (EVS) 


Therapeutic efficacy of any drug is not only dependent upon the inherent efficacy of the drug mol- 
ecule but also dependent upon its availability at target site. To make the drug molecules available at a 
target site, different nanoformulations based approaches came into the picture as a result of decades 
of scientific endeavors. Although a variety of natural and synthetic material based nanoformulations 
viz. lipid [17-33], polymers [34-50], protein [51-53], metals [54], etc., have been stated to improve 
the therapeutic efficacy of the drugs, there is a desperate need for biocompatible carrier systems 
which can deliver as well as safeguard the therapeutic carriers throughout the entire body. In past 
years, extracellular vesicles have gained remarkable attention as drug delivery systems and cell 
replacement therapeutic approaches. Extracellular vesicles are particles of a non-replicating nature 
that are composed of phospholipid bilayers, released by almost all types of cells found in the human 
body, and in several plants and animals [55]. EVs are also found in various biological fluids like 
blood, saliva, milk, cerebrospinal fluids and malignant ascites, as well as in tissue culture superna- 
tants, making up particles of heterogeneous population that are categorized into three specific types 
depending on their production: exosomes, microvesicles, and apoptotic bodies (Table 3.1) [56]. 
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TABLE 3.1 
Different Types of Extracellular Vesicles 
Size Density Biogenesis 
Type (nm) (g/ml) Shape Markers Origin Process Composition References 
Exosomes 30-150 1.13-1.19 Spherical CD9, CD63, Late Inward mRNA, [57-61] 
CD80, TSG endosomes budding miRNA, 
101, Alix. DNA, lipids 
heat shock 
proteins. 
Micro- 50-1000 1.04-1.07 Ovel Integrins, Plasma Outward mRNA, 
vesicles selectins, membrane budding miRNA, 
CD40, DNA, 
Flotiline-2. Cytoplasmic 
proteins. 
Apoptotic 50-5000 1.16-1.28 Hetero- Annexin V After cell Cell Cell 
bodies geneous positivity, death shrinkage organelles, 
Phosphatidyl DNA, RNA, 
serine histone. 


3.2.1 ORIGIN AND BIOGENESIS 


Exosomes deriving from precursors are termed as intraluminal vesicles (ILVs). They are formed 
in the lumen of multivesicular bodies (MVBs) of the endocytic pathway. In more profound way, 
it could be described that the ILVs are formed via inward budding of endosome membrane fol- 
lowed by fusion with the plasma membrane [62]. Further, when the cells released ILVs, they are 
referred to as exosomes. The mechanism of biogenesis of MVBs are widely categorized into two 
classes; (i) endosomal sorting complex required for transport (ESCRT)-dependent, and (ii) ESCRT- 
independent. ESCRT-dependent pathways comprises of five complexes that include ESCRT-0, 
ESCRT-I, ESCRT-II, ESCRT-III and AAA ATPase vacuolar protein sorting-associated protein 4 
(Vps4) complex [63, 64]. ESCRT-0 is largely liable for arranging transmembrane proteins that 
are labeled with ubiquitin followed by invaginations in the endosomal membrane. This function is 
generally consummated through a phosphatidylinositol 3-phosphate binding protein called hepato- 
cyte growth factor-regulated tyrosine kinase substrate (HRS), which, along with a signal transduc- 
ing adaptor molecule (STAM), may identify the protein signals that are ubiquitinated. Similarly, 
ESCRT-I and ESCRT-II complexes also identify the cargos that are ubiquitinylated and further gov- 
ern the membrane bud formation [65]. Furthermore, activation of ESCRT-III results in the growth 
of the transient filament of the complex that drives vesicle scission and recruits de-ubiquitinases 
that recycle ubiquitin. Ultimately, the AAA ATPase Vps4 undergo dissociation and recycles the 
ESCRT-dependent complexes [66]. The ESCRT independent pathway is considered another path- 
way of MVB biogenesis. In this pathway for instance, lipids like phosphatidic acid can be used that 
induce a negative membrane curvature, or ceramide can be used which triggers budding process 
of vesicles, converting them into MVBs [67]. Moreover, tetraspanins, like CD63, and heat shock 
proteins, like chaperone HSC70, may also be employed to induce the formation of MVBs. After 
formation, MVBs are either fused with lysosomes or with plasma membrane. The former lead to the 
deterioration of its content, while the latter results in the discharge of exosomes [68]. It was further 
observed that certain proteins and complexes plays an important role in the secretion of exosomes, 
that includes Ras-associated binding (RAB) proteins and soluble N-ethylmaleimide-sensitive fusion 
(NSF) attachment protein receptor (SNARE) complexes [69]. The RAB proteins comprises of over 
more than 60 GTPases, where some of these GTPase regulate various steps of intracellular traffick- 
ing like vesicle formation, vesicle mobility, and docking to target compartments that further results 
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in the fusion of the MVB with the target membranes [70]. After vesicle docking, the further facili- 
tation of MVB fusion with plasma membrane is assisted by SNARE proteins. On the other hand, 
microvesicles (MVs) are formed from the cell membrane via direct shedding and are supposed to 
have a more heterogeneous population, but their biogenesis is less defined and the process seems 
to become active when the cells are under any stress factor [71]. The MVs are also formed via 
outward budding that seems to be facilitated by the changes in the local membrane microdomains 
and curvature-mediated changes in the composition of lipid and protein, that is supplemented via 
calcium-dependent enzymes like flippase and floppase, leading to redistribution of phospholipids 
[65]. The crucial steps in the EVs biogenesis are schematically shown in Figure 3.1. 


3.2.2  RNA-SORTING MECHANISMS 


The availability of a distinctive RNA within the cell is a critical aspect for their loading into the EVs. 
It was observed that the RNA species do not exhibit preferential sorting into the EVs by their own. 
Instead, they normally are distributed to both the compartments as per statistical analysis. However, 
there exist certain sequence motifs that promote the preferential sorting of EVs in some cell types 
[72]. For example, specific sequence motifs like ‘ACCAGCCU’, ‘CAGUGAGC’ or ‘UAAUCCCA’ 
have been found to act as cis-acting elements that help in sorting mRNA into the EVs. Similarly, 
a sequence motif like “CTGCC” is more prone to package mRNA that is comprised of zipcode, 
like 25-nt sequence and miR-1289, binding site in their 3’-untranslated region into EVs that are 
extracted from melanoma cells as well as human primary glioblastoma cells [73]. Moreover, dis- 
tinct targets have been recognized in miRNAs highlighting “GGAG” or ‘CCCU’ sequences, which 
promote sorting of mRNAs from T-lymphoblasts into EVs. This in turn seems to be regulated by 
binding to A2B1, a heterogeneous nuclear ribonucleoprotein. Such sequence motifs used for sorting 
miRNA into EVs have also been corroborated in gamma-herpesvirus-infected lymphoma cells. The 
sorting sequences also aid in sorting miRNAs obtained from B cells having 3’-end uridylated post 
transcriptional modifications into EVs [74]. Such observation was confirmed in human urine derived 
EVs. Growing curiosity on sequence motifs that facilitate RNA loading into EVs may be utilized to 
modify EVs with RNAs of interest for gene therapy purposes. In the case of OMVs also, the loading 
of RNA appears to be loading, but also appears to be inflected, while their sorting process has not 
been described clearly. 


3.2.3 COMPOSITION OF EXTRACELLULAR VESICLES (EVs) 


3.2.3.1 Proteins and Lipids 


The molecular make up of EVs depends on the type of EV, its precursors, and physiological condi- 
tions like stress or hypoxia. It was observed that there are certain subtypes of EVs that are enriched 
with specific proteins, like the EVs derived from mammalian cells exhibit an enriched degree of 
tetraspanins on their surface that includes CD9, CD63 and CD81 and have been associated in the 
modulation of a mechanism involved in the loading of drug-cargo. There also exist certain trans- 
membrane receptors like Integrins and selectins which facilitate intracellular interaction as well as 
cell to matrix interactions [75]. Such surface proteins play an important role in the cellular uptake 
of EVs. In addition to the surface proteins, other proteins associated with the biogenesis process viz. 
Alix, Tsg101, clathrin, and ubiquitin, and involved in membrane trafficking may also be identified 
in EVs [76]. These proteins are comprised of the family of Rab proteins and annexins. EVs derived 
from the Antigen-presenting cell can also reveal the effective implications of MHC II in immune 
regulatory activity. Like lipids, EVs are also comprised of ceramides, sphingomyelin, phosphati- 
dylserine (PS) and cholesterol as compared to the parental cell membranes [77]. The molecular 
configuration of OMVs derived from gram-negative bacteria demonstrates that the outer membrane 
is composed of typical outer membrane proteins (OMPs), like outer membrane protein A (OmpA), 
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FIGURE 3.1 Intracellular mechanism of biosynthesis of EVs along with their production from the different types of cells: At the start, exosomes are made in the form 
of ILVs, followed by the invagination of the plasma membrane and budding into endosomes and MVBs. ESCRT, lipids and tetraspanins are some of the moieties involved 
in the biosynthesis of ILVs. But there still remains a question of whether the moieties act on the same target or different targets is still unclear. These MVBs can be further 
processed through the formation of lysosome or amalgamation with plasma membrane which releases them in the extracellular matrix. Various proteins from RAB family 
viz. (RAB11, RAB27, and RAB35) have been found to play an important role in the transit of MVBs to plasma membrane, which further leads to the production of 
exosomes. Apart from the RAB proteins, another protein has been identified that plays an important role in the fusion of MVBs to the plasma membrane, namely, SNARE 
proteins. Other type of vesicles, like Microvesicles, are also supposed to be formed directly from the plasma membrane via budding. The vesicles released are further taken 
up by another cells through a number of different mechanisms viz. endocytosis, fusion with membrane, receptor mediated endocytosis, and phagocytosis to establish cell 
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OmpC, OmpF, Cytolysin A (ClyA), and lipoproteins. OMVs are enriched with less proteins, as com- 
pared to the cellular outer membrane; however, toxins are found to be at enhanced levels in OMVs 
[78]. It was observed that lipopolysaccharides (LPS) form the major lipid class available on the 
outer surface of OMVs. For example, in Pseudomonas aeruginosa, OMVs were exclusively com- 
prised of B-band LPS, as compared to the A-band LPS, however, this lipid was found in abundance 
at much lesser concentrations in the outer membrane. Proteins arising from the cellular periplasmic 
space are principally recovered in the OMV lumen level; however, the levels of cytoplasmic proteins 
are low [79]. 


3.2.3.2 RNAs 


Apart from proteins and lipids, EVs are also comprised of RNA species. The EVs derived from 
mammalian cells are extensively scrutinized for the availability of RNA species, provided with lat- 
est methods of sequencing. The RNA includes messenger RNAs, non-coding RNAs, microRNA, 
transfer RNA, ribosomal RNA, small nuclear RNA, small nucleolar RNA, small cytoplasmic RNA, 
Y-RNA, and vault RNA [55]. Apart from RNAs, the mammalian EVs are also comprised of certain 
degraded products. However, the relative availability of various RNAs vary between donor cells and 
extravesicular cells. For instance, EVs derived from dendritic cells showed enhanced levels of vault 
RNA, SRPRNA, and Y-RNA as compared to the parent cells [73]. Overexpressed cellular miRNAs, 
like miR92a-1 and let-7b, were found to be in low concentrations in EVs, while highly expressed 
EV derived miRNAs, like miR-223, miR-142, and miR-93, were expressed at a lesser concentration 
in the parent cells. Such an instance implies that RNAs are sorted selectively into the extracellular 
vesicles during their biosynthesis. Nevertheless, the bacterial OMVs showed a smaller amount of 
expressed RNAs. It has been observed that the huge range of RNAs, like transfer RNA, transfer- 
messenger RNAs, ribosomal RNA, signal recognition particle-RNA, and 6S RNA, were found in 
EVs released from bacteria [62]. These findings are somewhat similar to the finding obtained from 
that of extracellular vesicles released from the mammalian cell, where the distinctive sorting of dis- 
tinct RNAs has been unveiled. The detailed summary of protein, lipid components, and RNAs found 
in exosomes is given in Table 3.2. 


TABLE 3.2 
Composition of Extracellular Vesicles 


Composition Example 


Proteins, lipids, and nucleic acids 


Transport protein Tubulin, Actin, Radixin, Vimentin, Cofilin-1, Moesin, and Acting binding molecule 
Transpanins CD9, CD63, CD81, CD82, CD37, CD53 

Proteins involved in biogenesis Alix, Tsg101, Vps, Rab proteins. 

Anti-gen presentation proteins MHC-II 

Membrane trafficking proteins Rab proteins, Annexin-I, II, IV, V, Dynamin, and Syntaxin-3. 

Heat shock proteins HSP70, HSP90, HSP27, and HSP60. 

Cell adhesion proteins Integrins, Lactadherin, Intracellular adhesion molecule-1. 

Growth factors and Cytokine TNF-a, TGF-f. 

RNAs microRNA, messenger RNA, silencing RNA, transfer RNA. 


References [55, 68, 75-77, 80, 81] 
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3.2.4 INHERENT CAPACITY OF EXTRACELLULAR VESICLES IN CROSSING PHYSICAL BARRIERS 


The main difficulty that the traditional drug delivery systems suffer is the limited ability in poten- 
tially bypassing the biological barriers, comprised of tissue, cellular, and intracellular hindrances. 
Multiple studies have demonstrated the ability of EVs to potentially bypass these biological barriers 
that resulted in functional changes within the target sites [82]. For example, on the issue level, it 
was observed that the EVs have bypassed one of the most challenging barriers of drug delivery, i.e., 
the blood brain barrier (BBB). The BBB is considered the major barrier, blocking the delivery of 
the drug carrier system inside the brain for the treatment of central nervous system disorders. It was 
reported that the BBB hinders the passage of almost 98% of small molecules or drugs [83]. Several 
research works revealed the physiological role of EVs in intercellular communication between neu- 
ronal cells. It was observed that the EVs can preserve neuronal integrity while maintaining synaptic 
plasticity and brain integrity. Furthermore, increasing evidences highlight the capability of EVs to 
transfer therapeutic cargo across the BBB [84]. Although various studies proved the fact regarding 
the efficient crossing of EVs through BBB, its specific mechanism still remains to be unveiled. 
Moreover, it was observed that the EVs reach the brain parenchyma across BBB by crossing the 
blood-cerebrospinal fluid barrier, followed by crossing the choroid plexus. At cellular level, it was 
found that due to the presence of various ligand/receptors on the surface of EVs, they could inter- 
act with the plasma membrane [85]. Such phenomena resulted in more efficient internalization in 
comparison to synthetic nano-systems. To support such findings, a study was performed where the 
synthetic nanocarrier showed more accumulation on the surface of the cell of interest with minimum 
internalization; but, the EVs showed enhanced accumulation in less time with no accumulation 
over the EVs surface [86]. Hence, it seemed that for cellular uptake, the EVs employed endogenous 
mechanisms that appeared beneficial for the intracellular delivery of therapeutics. As it is well docu- 
mented that the EVs derived from the same cell can interact distinctly with a specific recipient cell, 
therefore, the intercellular communication and trafficking of the EV solely depends on the distinct 
features of the deriving and recipient cells. It could further be stated that a clear understanding of 
the intercellular transfer of EV can enhance the concept of an EV-facilitated drug delivery system 
[87]. At the cellular level, the internalization of EVs takes place via endocytosis, although different 
cell types display different types of endocytotic pathways. It was further observed that EVs deliver 
the RNAs to the target sites via an active pathway, which implies that they procure an endogenous 
pathway for the RNA delivery. Thus, it has been assumed that although the particular mechanisms 
revolving around the delivery involved are still yet to be discovered, the EVs may fuse with endo- 
somal membranes via endocytotic pathways [88]. Recently, it has been observed that the EVs fuse 
with the proteins expressed on the surface of the membrane at a lower pH [89]. However, the chal- 
lenge still remains to develop more intricate technology, which could provide much elaborated jus- 
tification of the mechanisms responsible for the fusion of EVs with the membrane and the release 
of the drugs from the EVs. Conclusively, it is inferred that as EVs are able to bypass various levels 
of physiological barriers, and specifically deliver the drugs at the target site, the EVs are considered 
an efficient tool in the field of drug delivery [90]. However, despite the promising venture of EVs in 
drug delivery, it might create certain limitations taking into consideration the concept of the rapid 
clearance profile of certain drugs. 


3.3 ROLE OF EVS IN NUCLEIC ACID TRANSFER AND COMMUNICATION 


After being released by the donor cells, the EVs are taken up by the recipient cells through various 
routes. Several studies have indicated that either EVs can directly be fused with target cells or be 
internalized through endocytosis. Now, EVs experience endocytosis in two ways, namely, clathrin- 
dependent or clathrin-independent pathways [91]. The clathrin-mediated endocytosis includes 
phagocytosis, micropinocytosis, and lipid raft-mediated endocytosis. Bacterial cell derived EVs may 
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also infiltrate the host mammalian cells through adhesion-receptor-mediated attachment, followed 
by either internalization or fusion or both. After internalization, the derived EVs may arbitrate an 
exchange of genetic material among cells [92]. 

Ratajczak et al. (2016) observed that the EVs derived from an embryonic stem cell transferred 
mRNA and protein to adjacent cells for reprogramming the hematopoietic progenitor cells, which 
aided in enhancing the survival of the cells [93]. In the past also, Valadi et al. (2007) observed that 
the EVs derived from a mouse mast-cell transferred the mRNA to human mast cells, which are later 
transcribed into specific proteins [94]. Similarly, Pegtel et al. (2010) stated that the infected EBV- 
activated B cells derived EVs mediated the transfer of EBV-miRNA to monocyte-derived DCs, 
resulting in the down regulation of genes targeting miRNA [95]. Since then, there are numerous 
examples documented that reviewed the transfer of functional EV-mediated RNA in vitro. Recently, 
various studies have shown that the evidence for the transfer of EV-mediated RNA in vivo has been 
provided by a technique named Cre-loxP-based tracing technique. The Cre mRNA obtained from 
engineered glioma tumor cells was found to be transferred to mouse stromal cells through EVs, 
resulting in translation into Cre protein that ultimately leads to various recombination events [96]. 
Additionally, by employing such method, one could also visualize the transfer of Cre mRNA from 
EVs to extremely metastatic mammary cancer cells like MDA-MB-231 cancer cells or less meta- 
static cancer cells like T47D cancer cells in vivo, indicating the metastatic behavioral changes of 
T47D cells. Considering the prokaryotes, the genetic transfer facilitated by OMV-mediated is con- 
sidered significant for maintaining the survival of bacterial cells. Moreover, the interaction between 
the bacteria and host is considered crucial in the pathogenesis of different infectious diseases. In this 
context, the OMVs exhibits inter-species communication as the OMVs secreted by the nematode 
parasite may transfer miRNAs, Y-RNA, and nematode Argonaute proteins to the host, minimizing 
their immunity response [97]. Furthermore, human cells are capable of communicating with gut 
microbiota through EVs contained in the fecal miRNA, influencing the bacterial growth condi- 
tion as well as the transcription of bacterial gene. The ability of the derived EVs in transferring the 
genetic materials makes them important moieties in intra-species, inter-species, and inter-kingdom 
communication, given the fact that exchanging the genetic material between donor and recipient 
cells may alter the phenotype of the recipient cells [92]. This novel technique of intracellular com- 
munication is progressively being identified as of principal significance in different physiological 
and pathological processes. 


3.3.1 EVs as Nucteic ACID DELIVERY TOOL 


Systemic application of nucleic acid delivery is considered even more challenging when the applica- 
tions need to be delivered into any targeted site Moreover, the nucleic acids are prone to degrada- 
tion due to their enlarged dimensions and charged behavior, which necessitated the availability of 
a carrier system sufficient to protect and deliver them into the targeted site [98]. For the delivery 
of nucleic acids, it was observed from the various studies that the nucleic acids (being negatively 
charged species) are associated with the positively charged species, like lipids and polymers, form- 
ing an electrostatic complex, which then forms nano-ranged particles. Further, such electrostatic 
complexes protect the nucleic acid from degradation by serum nucleases and aid in cellular internal- 
ization [99]. In spite of the promising results, the attached positively charged moiety of the carrier 
system exhibits cytotoxicity [100]. It was further observed that the delivering nucleic acid outside 
the liver remained inefficient, which necessitates the development of a novel nucleic acid delivery 
system to treat various diseases. Thus, EVs became an encouraging way for the delivery of nucleic 
acids [101]. Now, it was further observed from various studies that the loading of nucleic acids into 
exosomes is a very challenging task. Due to the macro-size and charged behavior, the nucleic acids 
were not able to penetrate the outer phospholipid bilayer of the EVs and be retained within their 
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lumen. So, to overcome the problem of being macro-sized, most of the nucleic acids loaded within 
the EVs are usually siRNA and miRNA, which are RNAs with small base pairs, usually —20 to 25. 
But, then an issue is raised which states that such small base-paired RNAs might interfere with the 
complementary sequences of the targeted mRNA, resulting in the transformation of the recipient’s 
phenotypes [102]. Thus, loading methods can be categorized into two categories: loading before 
isolation of EVs and loading after isolation of EVs[103]. 


3.3.2 LOADING AFTER EV ISOLATION 


Regardless of the origin, all types of EVs can exhibit loading after the isolation of EVs. Such types 
of loading strategy are also preferable from the pharmaceutical point of view, as the conditions 
required for the loading could be controlled preferably. The various methods employed for loading 
nucleic acids into EVs after their isolation forms respective origins are described below. 


3.3.2.1 Simple Incubation 

On incubation of EVs with hydrophobic molecules, the outer phospholipid bilayer of EVs interact 
with the hydrophobic moieties that offer spontaneous loading of hydrophobic molecules within the 
EVs. It was observed that drugs of less molecular weight, like curcumin, doxorubicin, paclitaxel, 
etc., can be easily loaded into the EVs via a simple incubation method [104—109]. For example, 
hydrophobically engineered siRNA was found to be loaded successfully in EVs derived from 
glioblastoma U87 by employing the simple incubation method for treating Huntington disorder 
[110]. It was observed from such studies that the hydrophobicity increases the interaction of the 
phospholipid bilayer of EVs with the nucleic acids, thereby increasing their loading efficacy within 
the EVs. One such instance was followed during loading miR-150 into the EVs derived from the 
T-cells [111]. 

However, the simple incubation technique is somewhat dissimilar to that of the spontaneous 
transport method because in the spontaneous transport method, the interaction of nucleic acids with 
the phospholipid bilayer is considered negligible, as the hydrophobicity of the bilayer prevents the 
charged moieties from passing through them. However, the rationale behind the relevant loading 
remains unexplained, as it remained unclear as how the miRNA exposed over the surface of vesicle 
protects itself from the degradable enzymes as well as provide stability [112]. 


3.3.2.2 Electroporation 

The compositions of the cellular membrane and the EVs membrane are quite similar, which makes 
the electroporation a better-entrenched technique for cell transfection. Electroporation technique 
assists active delivery of nucleic acid within the lumen of EVs. In electroporation, an electric field 
is applied which creates small pores over the surface of EVs and allows the easy penetration of 
nucleic acid into the EVs [113]. There are various examples that showed that the nucleic acids 
could be successfully loaded into the EVs via the electroporation method. For example, in one of 
the studies it was observed that ~ 25% entrapment efficiency was observed for Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) siRNA and (beta-secretase 1) BACEI siRNA when loaded 
into EVs derived from modified dendritic cells via electroporation [114]. In a similar context, the 
electroporation technique was employed during loading opioid receptor Mu siRNA and mitogen- 
activated protein kinase 1 (MAPK1) siRNA in EVs derived from engineered HEK-293T cells and 
plasma respectively. Also, KSP siRNA was loaded into a mutant E.coli strain derived OMVs via 
electroporation. From the above studies, we also observed that for optimum loading efficiency by 
electroporation method, various process variables are taken into consideration, which includes volt- 
age applied, concentration of EVs, amount of nucleic acids, nature and volume of electroporation 
media, etc. [115]. Kooijmans er al. (2013) unveiled that while performing their experiment, it so 
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happened that the application of electroporation caused aggregation of siRNA, which they falsely 
interpreted as loading of siRNA into EVs. After finding such circumstances, they manipulated the 
process variables as discussed above, but no change occurred in the overall nucleic acid loading 
[113]. From the above study, it came into the limelight that the application of electroporation does 
change the integrity of nucleic acid and EVs. Hence, such outcomes necessitate the fabrication of 
alternate approaches for loading of nucleic acid within the EVs. 


3.3.2.3 Sonication 

Like electroporation, sonication also facilitates active loading of nucleic acid, and allow easy pen- 
etration of nucleic acid through the pores created by sonication, but unlike electroporation, sonica- 
tion does not cause nucleic acid aggregation. Sonication method was used to load HER2 siRNA into 
EVs derived from MCF-7 breast cancer cells [102]. But, like electroporation technique, in sonica- 
tion method also, the various process parameters are taken into consideration for maintaining the 
integrity of EVs and nucleic acid which includes the power of sonication, amplitude of sonication, 
sonication time and the temperature [116]. 


3.3.3 LOADING BEFORE EV ISOLATION 


Another loading approach used is the loading before isolating the EVs. In this method, the nucleic 
acids are directly transfected into EV derived cells followed by sorting through intrinsic endogenous 
approach of the cell. However the entire mechanism of sorting still need to be elucidated [117]. 
Various studies were performed where such method was employed for loading. EVs derived from 
HeLa cells and ascetic fluids successfully loaded RAD 51 siRNA and RAD 52 siRNA respectively. 
Also, EVs derived from Hela-229 cells was found to be successfully loaded with miR-130b. In addi- 
tion to these, the transfected THP-1 macrophages with modified miR-143 was found to be success- 
fully released in EVs. In further studies, it was observed that the viruses were utilized to produce 
Jurkat and Raji cells expressing small RNA that were also found to be loaded successfully in EVs 
[118]. Despite easy loading, such approach also experiences certain drawbacks. Likewise, after 
loading, it would become difficult to remove the transfection agents which will later lead to EVs 
contamination. In addition to this, such approaches offer poor nucleic acid loading efficiency, are 
dependent on cell-EVs interaction and also it was found that such approaches are not suitable for all 
kinds of RNAs such as the miRNA that affect cellular growth or viability inhibits the growth of EVs 
derived cells [119]. Such observations provide proofs regarding utilization of EVs as a therapeutic 
delivery system for nucleic acid, however, their loading into the EVs remained as a hurdle for clini- 
cal practice. 


3.4 FUNCTIONALIZED EVS FOR TARGETED DELIVERY 


In addition to efficient drug loading, EVs also show an enhanced characteristic in targetability, 
which plays an important role in the drug delivery system. It was confirmed from the various studies 
that EVs do possess an intrinsic targeting ability due to the presence of lipids and protein in their 
contents that may offer EVs tropism to distinct organs [120]. For instance, the different categories 
of integrins present in the EVs offer improved pharmacokinetic characteristics that lead to increased 
accumulation of the EVs in the desired target site, which includes brain, lungs, liver, etc [121]. 
Likewise, EVs comprised of Tspan8-integrin alpha4 complex were preferably targeted to the pan- 
creatic cells. Furthermore, it was also observed that due to the presence of phospholipids like phos- 
phatidylserine in the outer membrane of EVs, they are preferentially taken up by the macrophages. 
EVs can further be modified for improved targeting by engineering the precursor cells or the cells 
producing EVs. Many such studies have been carried out to provide targetability of EVs. In this con- 
text, the Lamp2b expressing EVs derived from dendritic cells was combined with siRNA, followed 
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by fusion with either neuron-specific rabies viral glycoprotein (RVG) peptide or muscle specific 
peptide, led to knockdown of a specific gene in neuronal cells (Neuro2A) or muscle cells (C2C12), 
respectively [122, 123]. Similarly, for targeting, the EVs derived from cardiosphere-derived cells 
(CDC) were engineered for fusing the N-terminus of Lamp2b, as expressed over the surface of 
EVs, with the cardiomyocyte specific peptide (CMP). Such CMP-targeted EVs showed an 18-fold 
increase in cellular uptake by neonatal mouse cardiomyocytes as compared to EVs without modi- 
fication. To establish the targetability, such an approach was performed in different other cell lines, 
which revealed that there existed no such difference in targeting approach between CMP targeted 
and non-targeted EVs, proving the peptide specificity for the cardiomyocytes [124]. Furthermore, in 
the in vivo studies, it was observed that on intramyocardial injection, the CMP-targeted EVs showed 
more retention in the cardiomyocytes as compared to the EVs without any modification [125]. In 
another study, it was observed that the EVs derived from immature dendritic cells (ImDCs) were 
further modified to target avB3 integrin that is highly expressed in angiogenic vasculature. They 
have fused the expressed Lamp2b of the EVs surface with the iRGD peptide. In this context, EVs 
modified with iRGD peptide were encapsulated with Doxorubicin (Dox), which was then admin- 
istered parenterally to the triple negative breast cancer induced mice [126]. As a result, the iRGD 
targeted EVs showed enhanced accumulation in the cancer site, along with reduced tumor growth 
as compared to the non-targeted Dox loaded EVs. In spite of such promising outcomes, there still 
remains a concern regarding the efficacy of the iRGD peptide as it is known that during the synthesis 
of EVs, the surface proteins may undergo degradation when exposed to endosomal protease [127]. 
It was observed that the N-terminus bound peptides of Lamp2b showed acid dependent degradation 
during the biogenesis of EVs. So, to prevent the peptide from degradation, the Lamp2b proteins are 
conjugated with GNSTM glycosylation motifs. Also, for overcoming the peptide degradation, the 
peptides being targeted might be tethered directly with the plasma membrane [128]. An example 
of such a technique includes fusion of the GE11 peptide targeting EGFR with the transmembrane 
domain of platelet derived growth factor receptor. Such a modification was performed on HEK293 
cells. Such GE11 surface modified EVs showed much more accumulation efficiency into mice with 
EGFR positive tumors on intravenous application. In another study, it was observed that during 
the maturation process of reticulocyte, the glycosylphosphatidylinositol (GPI)- anchored protein 
decay-accelerating factor (DAF) was released selectively in EVs, which then fused with anti-EGFR 
nanobodies (EGal), found abundantly over the EVs surface. Such conjugation was then cleaved 
by GPI transamidase enzymes to release DAF peptides, resulting in increased binding of EVs to 
EGFR overexpressed cells during post translational modification [129]. Such observation can be 
followed both in static as well as in dynamic conditions. It could be inferred that conjugating the 
surface of EVs with targeting motifs by employing endogenous cellular machinery provides a prom- 
ising approach in the delivery of drug loaded EVs to their desired target site. Such approaches aid 
in improving the therapeutic efficiency, while limiting the off-target adverse effects of the loaded 
drug [130]. 


3.5 THERAPEUTIC APPLICATIONS OF EVS IN NUCLEIC ACID DELIVERY 


Nucleic acid-based therapeutical strategies have gained much attention in therapies in both pre- 
clinical and clinical platforms. It was observed that the cell derived EVs are comprised of a high 
amount of various macromolecules, like nucleic acids and proteins, and also exhibit a high expression 
of specific receptors. Moreover, the EVs are considered biocompatible and biodegradable. By 
considering the excellent properties of EVs as described above, the researchers have considered 
the EVs as an appropriate carrier system for the nucleic acid delivery [131]. EVs are derived from 
the mesenchymal stem cells, which are enriched with nucleic acids and proteins, such as siRNAs, 
miRNAs, etc., that are supposed to exhibit tissue regeneration properties, anti-inflammatory activity, 
and tumor suppressing or tumor promoting activity. Such studies are still in pre-clinical and clinical 
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stages. Hence, scientists are expecting that such studies will make the stem cell derived EVs a next 
generation delivery system for the treatment of various cancers [132]. Recent reports stated that 
nucleic acid loaded EVs can deliver an optimum amount of nucleic acids to the targeted site with- 
out being affected by the physiological environment. In recent times, the scientists are discover- 
ing a novel method that will help in loading a high amount of nucleic acids into the EVs without 
affecting the integrity of the EVs. Alvarez-Erviti et al. (2011) was the first to successfully deliver 
Lamp2b expressed EVs loaded with GAPDH siRNA in mice for the treatment of Alzheimer’s 
disease. Such study further encouraged the scientist to proceed with various studies associated with 
the delivery of nucleic acid loaded EVs for the treatment of various disorders [133]. Recently, Li 
et al. 2019 engineered EVs to load sufficient amounts of siRNA. They transfused CD9 protein, a 
highly expressed protein, over the surface of EVs with HuR, an RNA binding protein, to a signifi- 
cant amount of miR-155. Interestingly, it was observed that a significant amount of miR-155 was 
loaded into engineered EVs via transfection vectors, which was further confirmed with western 
blotting analysis. Based on such observations, this novel method could be considered efficient in 
loading the desired amount of nucleic acids within the EVs [134]. Guo er al. (2019) performed an 
interesting study where the nucleotide loaded EVs are fabricated for the treatment of spinal cord 
injury (SCI). They loaded phosphatase and tensin homolog small interfering RNA (PTEN-siRNA) 
into EVs by using the extrusion method. Interestingly, the loaded PTEN-siRNA has bypassed the 
blood brain barrier and entered the CNS, where it silenced the PTEN and improved the axonal out- 
growth and neovascularization, along with decreasing the microgliosis and astrogliosis. Overall, the 
PTEN-siRNA loaded EVs showed full recovery in SCI induced mice. Hence, it could be inferred 
from the study that nucleic acid loaded EVs could be employed for the treatment of CNS associated 
diseases [135]. In a recent study, it was demonstrated that for efficient loading of siRNA, miRNA, 
and ssDNA into the EVs, the EVs were protonated in order to develop a pH gradient across the 
membrane of EVs [102]. The study further reported that the protonation did not affect their cellu- 
lar uptake and also did not exhibit any toxicity in the mice. Such an EVs based approach could be 
used efficiently in the development of RNA nanotechnology. In this context, for targeting the cell 
as well as to govern the cell-cell communication of siRNA and miRNA, the arrangement of arrow- 
shaped RNA was adjusted so that a specific interaction could be established between the ligand 
expressed on the membrane of the EVs and the receptor on the targeted site. The positioning of the 
docked membrane cholesterol at the tail of the arrow-shaped RNA exhibited the expression of RNA 
aptamer on the exterior of the EVs membrane [102]. Further, it was observed that arranging the 
cholesterol at the head of the arrow-shaped RNA offered partial loading of RNAs within the EVs. 
Using this concept, it was established that by employing the RNA as a ligand over the EVs mem- 
brane, one can distinctively deliver siRNA into the target cell, leading to inhibition of the growth 
of a tumor in the case of prostate, breast, and colorectal cancers. In addition to this, the EVs were 
further undergoes cellular engineering for enhanced targeting. For tissue-specific delivery of nucleic 
acids, the vector targeted exosomes were engineered with an exosomal protein fused peptide ligand 
that led to efficient transfection with targeted cells. Kuroda and co-workers showed that the GE11 
surface engineered extracellular vesicles successfully delivered Let-7a miRNA into EGFR targeted 
xenograft mice model, which further exhibited reduced growth of the tumor. [136]. In a recent study, 
it was observed that EVs derived from transfected parental cells bear suicide gene mRNAs and 
proteins, and such EVs were found to be injected into Schwannoma tumor in an orthotropic mouse 
model. Collectively with systemic prodrug treatments, the vesicles demonstrated successful tumor 
therapy [137]. However, various analytical methods need to be evaluated that are concerned with 
the sorting of EVs and establishing the interaction between the protein and lipids of exosomes and 
recipient cells. Such evaluations will provide a much-enhanced knowledge, which could further be 
translated in the clinical field. The detailed summery of EVs for nucleic acid delivery has been given 
in Table 3.3. 
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TABLE 3.3 
Extracellular Vesicle Based Nucleic Acid Delivery 
Delivered 
Source of EVs Component Disease Observations Reference 
HEK293T miR-155 Liver Fibrosis miR-155 loaded exosomes effectively reduced liver [134] 
fibrosis 
MSC PTEN-si Spinal cord It Significantly silenced the PTEN and improved the [135] 
RNA Injury axonal outgrowth and neovascularization, along 
with decreasing the microgliosis and astrogliosis. 
MSC Mir-113b Stroke The expression of miR-113b is enhanced in [138] 
extracellular vesicles by employing knock-in and 
knock-out technologies. The expressed miR-113b 
further enhanced the plasticity of axon as well as 
remodeled neurite in the ischemic boundary zone 
(IBZ) 
Natural killer miR-186 Neuroblastoma Significant cytotoxicity was observed against [139] 
(NK) cell MYCN amplified neuroblastoma cells. 
Milk siRNA Lung cancer Successfully delivered siRNA loaded FA [140] 
functionalized exosomes. Significant dose 
dependent anti-proliferative activity was absorbed 
and siKRAS loaded exosomes significantly 
inhibited tumor size 
HEK293 let-7a Breast cancer GE11 surface engineered extracellular vesicles [136] 
miRNA successfully delivered Let-7a miRNA into an 
EGER targeted xenograft mice model, which 
further exhibited reduced growth of tumor. 
HLSCs mi-RNA Hepatocellular Selected miRNAs are successfully delivered [141] 
cancer hepatocellular cancer cells, promoting the 
reduction of progression of cancer in SCID mice 
Mouse fibroblast TGF-ß1 Mouse The TGF-B1 siRNA loaded extracellular vesicles [142] 
L929 siRNA sarcomas exhibited improved reduction of expression of 
TGF-ß1 along with reduced progression and 
metastasis of cancer cells in mice 
MSC miR-379 Breast Efficient decrease of tumor growth [143] 
MSC miR-199a Glioma Inducing apoptosis promoted chemosensitivity for [144] 
temozolomide 
FHC miR-128-3p Colorectal miR-128-3p limited EMT and enhanced the [145] 
cancer accumulation of oxaliplatin in the cancer cells 
Human gastric siRNA Gastric cancer siRNA loaded extracellular vesicles reduced the [146] 
cell line growth of tumors as well as decreased the rate of 
SGC-7901 angiogenesis. 
Human cell miR497 Lung cancer miR497 modified extracellular vesicles significantly [147] 
derived reduced the growth of tumor, as well as the 
expression of the genes concerned with its 
progression. 
MSC miR-100 Breast miR-100 loaded extracellular vesicles showed a [148] 
dose-dependent reduction in their expression and 
also reduced VEGF production. 
Adipose tissue miR-122 Liver Decreasing chemoresistance and tumor volume [149] 


derived MSCs 


MSC: Mesenchymal stem cells, HLSCs: human adult liver stem cells, TGF- BL: transforming growth factor B1. HEK-293T: 
human embryo kidney epithelial cell line. 
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3.6 CONCLUSION 


Gene therapy offers an approachable, and efficient platform for the treatment of various diseases, like 
cancer, infections, and central nervous system disorders, etc. Moreover, it could be inferred that the 
gene therapy somewhat provides a sense of personalized therapy approach. However, gene therapy 
does offer certain limitations that restricted them in translating such an approach in the clinical field, 
which also includes the delivery of nucleic acids to the diseased site. EVs exhibited an encouraging 
platform for the delivery of nucleic acid from a clinical point of view, because they are much more 
biocompatible, biodegradable, have a better safety profile, when compared to polymeric, lipidic, and 
virus-based carrier systems. Their flexible molecular composition enables them to be perpetrated 
across the membrane of the target tissue or cell. The various limitations that prevent their successful 
clinical translation include recognition of suitable EVs deriving cells, identifying an effective process 
for loading nucleic acid into the EVs, and enhancing their targetability. Appropriate measures to 
answer such limitations will further promote the application of EV applications clinically in a much 
safer and more efficient way in the field of RNA-based gene therapy. 
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4.1 INTRODUCTION 


Approximately 30 million persons in the USA alone have orphan or rare diseases. A low pop- 
ulation affected with rare diseases caused a major hurdle toward development of these drugs. 
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Oligonucleotides are an emerging delivery system toward patient centric treatment of this type of 
diseases (Kim et al., 2019). 

Oligonucleotides are nucleic acid polymers which can be a major impact on treatment or man- 
agement of wide range of diseases. This therapeutics’ particular role is to be the silencing gene. 
Other roles like splice modulation and gene activation are under investigation. 

Oligonucleotides are binding with RNA through DNA base pairing and modulate the function of 
the targeted RNA. It suggests a wide variety of oligonucleotides that modulate RNA through a dif- 
ferent binding mechanisms (Esau et al., 2006). Briefly, these mechanisms can be classified largely 
as (a) those that bind to RNA and interfere with its function without promoting RNA degradation, 
such as translation arrest or modulating RNA processing (b) those that promote degradation of the 
RNA through endogenous enzymes, such as RNase H or argonaute-2 [RNA interference (RNAi)]. 
Recently, researchers have shown that Anti Sense Oligonucleotides can also be used to increase pro- 
tein production, either through antagonizing microRNAs, which normally suppress protein produc- 
tion, or through masking upstream open reading frames (Liang et al., 2016). It shows that this drug 
delivery system has a huge impact in management or treatment of rare diseases. 

However, this delivery system has some limitations, so these issues must be overcome for the 
development of Oligonucleotides. Enzymatic degradations and rapid renal clearance are major 
issues in this delivery system (Ivanova et al., 2018). 

In the attempt to stabilize Oligonucleotides, we can use delivery vehicles for therapeutic agents 
like (siRNA, DNA) (Le Ouay and Stellacci, 2015). These delivery vehicles are either metal nanopar- 
ticles or plant derived components in the synthesis of nanoparticles (Tolaymat et al., 2010). Generally, 
nanoparticles fall in the range of —one to one hundred nm. Nano medicine is an emerging branch 
of medicine that uses knowledge of nanomaterials to apply to different nanotechnologies to prevent, 
diagnose, and treat disease (Satalkar et al., 2016) but synthesis of nanoparticles has concernment 
toward toxicity in eukaryotic cells and pollution in the atmosphere (Taghavi et al., 2013) so it is 
important to develop methods that synthesis nanoparticles in such a ways that they cannot cause or 
reduce toxicity and pollution. Green synthesis is one branch of chemistry where product is produced 
without causing environmental consequences. Here, environmentally friendly nontoxic reagents are 
used in the synthesis of nanoparticles on the basis that chemical, and physical methods are prepared 
as well so these techniques give economic and environmental benefits. In this method, nontoxic, safe 
reagents that are eco-friendly and biosafe are used. Minimizing waste and providing a sustainable 
process is the primary aim of this synthesis (Zhu et al., 2019). Various natural resources available in 
nature, such as plant extracts (Sithara et al., 2017), cyclodextrin (Abou-Okeil et al., 2012), chitosan 
(Mokhena and Luyt, 2017), and many more, have been studied for the synthesis of metal oxide 
nanoparticles. As of April 2021, fourteen oligonucleotide drugs have received regulatory approval 
from the FDA (Stein and Castanotto, 2017). In addition, more than thirty oligonucleotide drugs are 
in clinical trials or waiting for regulatory approval (Bennett et al., 2017) (Table 4.1). 


4.2 TYPES OF OLIGONUCLEOTIDES 


4.2.1 ANTISENSE OLIGONUCLEOTIDES (ASO) 


They are single stranded oligo deoxy-nucleotides that can modify RNA and can alter the protein 
expression by mechanism of action. They are further classified into two classes: 


4.2.1.1 RNAse H-dependent Oligonucleotide 


They hold the process of splicing or translation. These oligonucleotides are target specific. Example: 
AUG initiation codon. They encourage mRNA degradation. The majority of antisense drugs act 
through an RNase H-dependent mechanism. They have capacity of down-regulating protein and 
mRNA expression up to 90 percentage, and target any site of mRNA. Hydrolysis of the RNA strand 
is caused by this enzyme. 
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TABLE 4.1 
Oligonucleotide Drugs Approved by FDA 
Drug Name Indication FDA Approval 
1 Fomivirsen Cytomegalovirus (CMV) Retinitis 1998 (Withdrawn) 
2 Pegaptanib Age-related Macular Degeneration (AMD) of the 2004 (Marketed) 
Retina 
3 Mipomersen sodium Homozygous Familial Hypercholesterolemia 2013 (Withdrawn) 
4 Defibrotide sodium Hepatic Veno-Occlusive Disease 2016 (Marketed) 
5 Eteplirsen Duchenne Muscular Dystrophy 2016 (Marketed) 
6 Nusinersen Spinal Muscular Atrophy 2016 (Marketed) 
7 Hepatitis B vaccine, Hepatitis B 2017 (Marketed) 
Adjuvanted 
8 Inotersen sodium Familial Amyloid Neuropathies 2018 (Marketed) 
9 Patisiran Familial Amyloid Neuropathies 2018 (Marketed) 
10 Givosiran Acute Hepatic Porphyria 2019 (Marketed) 
11 Golodirsen Duchenne Muscular Dystrophy 2019 (Marketed) 
12 Viltolarsen Duchenne Muscular Dystrophy 2020 (Marketed) 
13 Lumansiran Primary hyperoxaluria type 1 2020 (Marketed) 
14 Casimersen Duchenne Muscular Dystrophy 2021 (Marketed) 


4.2.2 STERIC-BLOCKER OLIGONUCLEOTIDES 


They hold the process of splicing or translation. They are target specific, i.e., AUG initiation codon 
(Kole et al., 2012) 


4.2.3 SMALL INTERFERING RNA or SILENCING RNA (siRNA) 


They are target specific non coding RNA. siRNA cause gene silencing at the post transcriptional 
level by providing an interface toward RNAi. Furthermore, mRNA degradation is caused by RNAi, 
although they have poor stability as well as less delivery (Eberhardt et al., 2007). 


4.2.4 Micro RNA (MIRNA) 


Generally, miRNA are made up of—21 to 25 nucleotides and are single stranded. They interfere 
with the translation process through accumulation of mRNA in processing bodies (Dua et al., 
2017a). They have a major part in different processes, such as breakdown of fats, neuronal pattern- 
ing, hematopoietic differentiation, cell division, cell death, and immunity (Dua et al., 2017b). They 
cause degradation of mRNA but have less stability, as well as poor delivery. miRNA should be use 
in neuro degenerative disorders and cancers also (Lam et al., 2015). 


4.2.5 APTAMER 


These have a single strain, and their basic structure is made up of DNA or RNA. As well as being 
very target specific in nature (Râthlisberger and Hollenstein, 2018), they are stable and less immu- 
nogenic; scale up of the process is easily placed with reasonable finance. Both DNA and RNA con- 
sist of different basic structures, even though they have similar targets (Song et al., 2012). 
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4.2.6 CpG OLIGONUCLEOTIDES 


They are short, single stranded oligo deoxy nucleotides with unmethylated CpG dinucleotides and 
are classified into four types: 


K-type/B-type, D-type/A-type, C-type, P-type (Shirota et al., 2015) 


4.3 THERAPEUTIC IMPORTANCE OF OLIGONUCLEOTIDES 


Neurodegenerative disorders (Scoles and Pulst, 2018) 
Respiratory disorders (Mehta et al., 2019) 

Cancer (Mercatante et al., 2001) 

Diabetic retinopathy (Hnik et al., 2009) 


4.4 DRUG DELIVERY APPROACHES FOR OLIGONUCLEOTIDES 


Liposomes (Bheemidi et al., 2011) 
Niosomes (Kazi et al., 2010) 
Nanoparticles (Audrey and Procter, 2015) 


Mucoadhesive targeting of oligonucleotides in respiratory disorders (de Fougerolles and 
Novobrantseva, 2008)Dendrimers (Conti et al., 2014Micells (Smola et al., 2008) 

Among all these approaches, nanoparticles capture significant attraction because of controlled 
drug release, theranostics, target specificity, and better therapeutic index (Crucho and Barros, 2017). 
Nanoparticles fall under the size range of —one to one hundred nm. Because of very small size, 
nanoparticles play a major role as a drug carrier (Florence, 2004). On the basis of this, nanoparticles 
can be divided into three major parts (Singh and Lillard, 2009). 


Polymeric nanoparticles (Soppimath et al., 2001) 
Solid-lipid nanoparticles (Manjunath et al., 2005) 
Inorganic nanoparticles (Liong et al., 2008) 


4.5 GREEN SYNTHESIS OF NANOPARTICLES 


Nanoparticles have varied unique properties (optical, magnetic, electrical, etc.) because of their very 
large specific surface area, high surface energy, and quantum confinement (Hussain et al., 2016). 
Metallic nanoparticles can be made by different chemical, physical, and biological methods (Iravani 
et al., 2014). This method falls under two distinguishing approaches: 

Top-down approaches: in this method, size reduction of primary materials has taken place. 

Bottom-up approaches: in this method, we deal with atoms and molecules to form nanoparticles. 
(Iqbal et al., 2012) 

Physical methods for production of nano particles require lots of time, consume lots of energy, 
and require thermal stability, as well as raising the environmental temperature around the source 
material and consuming large spaces in the case of furnaces (Spadavecchia et al., 2005). That is 
the reason physical methods are not suitable for a greener approach. On the other hand, chemi- 
cal methods deal with harsh reagents that create toxicity issues along with environmental issues 
(Gnanasangeetha and SaralaThambavani, 2013). Because of these issues, biological methods are 
superior over physicochemical methods. In biological methods, bacteria (De Silva et al., 2020), 
fungi (Guilger-Casagrande and de Lima, 2019b), algie (Khan et al., 2019), and plants (Mohanpuria 
et al., 2008), but here our concern is a microorganism-based production process which is slow as 
well as having pathogenicity issues and maintenance on a large scale (Mandal et al., 2006) using 
plant derivatives or plant parts for reducing metal ions to their elemental forms (Gaur et al., 2019). 
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Top-Down 
approach 
Bulk Powder Nanoparticles Clusters 
Bottom-Up 
approach 


FIGURE 4.1 Synthesis of nanoparticles. 
(Abid et al., 2021) 


This process can be easily scaled up, simple, efficient, and economical; in addition, there are no 
worries about biosafety in this process. Silver (Sharma et al., 2009), gold (Ankamwar, 2010a), palla- 
dium (Petla et al., 2011), iron (Saif et al., 2016) and zinc oxide (Fakhari et al., 2019b) nanoparticles 
are generally made up by this synthesis. 


4.6 APPROACHES INVOLVED IN THE GREEN SYNTHESIS OF NANOPARTICLES 


Generally, two approaches are involved in the green synthesis of nanoparticles: 


Top-down approach 
Bottom-up approach 


In top-down approach, breaking down of bulk material, followed by size reduction, yields nanopar- 
ticles (Mignot et al., 2013). In the bottom up approach (Zhigaltsev et al., 2012), atoms or clusters 
assemble together to form nanoparticles by different biological or chemical methods. 

By green synthesis, we can make different types of nanoparticles: metallic, metal oxide-based, 
alloy based, and magnetic, etc. Silver (Srikar et al., 2016 ), gold (Ankamwar et al., 2010a, 2010b), 
platinum (Thirumurugan et al., 2016), palladium (Siddiqi and Husen, 2016), copper (Umer et al., 
2014), zinc (Fakhari et al., 2019a), and metallic nanoparticles can be made by synthesis, but all 
of these silver nanoparticles draw a huge amount of attention because of their low toxicity profile 
and antibacterial activity, as well as it can be produced by green synthesis. Metal oxides have good 
thermal stability and are used as an adsorbent. They have metal-oxide-metal or metal-hydroxy-metal 
structure (Stoimenov et al., 2002). Metallic alloys have also attracted significant attention in the last 
few years due to their optical and electrical properties (Stoimenov et al., 2002). Magnetic nanopar- 
ticles have a magnetic part along with a chemical part (Kodama, 1999). Due to their target specific 
properties, it’s widely used now and is also used for diagnostic purposes. 


4.6.1 GREEN SYNTHESIS OF NANOPARTICLES 


The above figure shows different approaches toward the green synthesis of nanoparticles. Bacterial 
strains, fungi spores, actinomycetes, algae, yeast spores, and plants can reduce metal ions and 
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FIGURE 4.2 Green synthesis of nanoparticles. 
(Nadaroglu et al. 2017) 


biosynthesis metal nanoparticles. Among all of this, bacteria mediated nanoparticles generation has 
great potential toward biosynthesis of NPs, due to the selective nature of bacterial strains and the 
amount of nanoparticles, but it has some drawbacks due to problems arising in the scale up proce- 
dure and maintenance of the bed of culture mixture. However, the plant mediated approach is clear 
of all these issues but lacks selectivity potential compared to the bacterial approach. 


4.6.2  BACTERIA-MEDIATED NANOPARTICLE GENERATION 


Synthesis of nanoparticles using a bacterial strain emerged due to the technique’s green prospect. 
These bacteria can mobilize or immobilize metal ions, along with reducing ion concentration and 
accumulation of these ions in their cell wall. Pseudomonas stutzeri AG259 is the first bacterial 
strain to show silver nanoparticles formation; this strain is isolated from silver mines. After that 
discovery, significant research has been done in this area, and many bacterial strains are isolated 
for synthesis of nanoparticles (Prabhu and Poulose, 2012). This approach has immense poten- 
tial and a bottom up type of synthesis. Magnetotactic bacteria and S layer lattices in prokariyotic 
cells like bacteria are capable of synthesis of metal ions (xie et al., 2009; Györvary et al., 2004). 
Pseudomonas stutzeri and Pseudomonas aeruginosa can get through at even higher concentrations 
of metal ions (Husseiny et al., 2007). Thiobacillus ferrooxidans, T. thiooxidans, and Sulfolobus 
acidocaldarius convert Fe?* into Fe?* (Korbekandi et al., 2009). Bacillus cereus, B. subtilis, E. coli, 
and P. aeruginosa can decrease concentrations of silver ions, cadmium ions, cupric ions, and lan- 
thanum ions (Du and Li, 2016). Bacterial strains or species used in synthesis of nanoparticles are 
shown in Table 4.2. 
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TABLE 4.2 


Different Metal Nanoparticles Supported by Particular 
Strain of Bacterial (Iravani et al., 2014) 


Type of Bacteria 
Aeromonas sp. SH10 


Bacillus cereus 

Bacillus megatherium DOI 
Bacillus subtilis 168 

Bacillus subtilis 

Clostridium thermoaceticum 
Corynebacterium sp. SH09 
Desulfobacteraceae 
Desulfovibrio desulfuricans 
Desulfovibrio vulgaris 
Desulfovibrio magneticus strain RS-1 
Enterobacter cloacae 

Escherichia coli 

Escherichia coli 

Escherichia coli DHSa 
Escherichia coli DHSa 
Escherichia coli MC4100 
Geobacillus sp. 

Geovibrio ferrireducens 
Klebsiella aerogenes 

Klebsiella pneumonia 
Lactobacillus strains 
Lactobacillus strains 
Lactobacillus strains 
Lactobacillus strains 
Lactobacillus casei subsp. casei 
Magnetospirillum magnetotacticum 
Plectonema boryanum UTEX 485 
Pseudomonas aeruginosa 
Pseudomonas aeruginosa Lanthanum 
Pseudomonas fluorescens 
Pseudomonas putida NCIM 2650 
Pseudomonas stutzeri AG259 
Rhodobacter sphaeroides 


Rhodopseudomonas capsulate 


Metal Nanoparticles 


Silver 

Silver 

Gold 

Gold 

Silver 

Cadmium sulfide 
Silver 

Zinc sulfide 
Palladium and selenium 
Gold uranium and chromium 
Magnetite 

Silver and selenium 
Cadmium sulfide 
Silver 

Silver 

Gold 

Gold 

Gold 

Gold 

Cadmium sulfide 
Silver 

Gold 

Silver 
Silver-gold alloys 
Titanium 

Silver 

Magnetite cluster 
Gold 

Gold 

Gold 

Gold 

Silver 

Silver 

Zinc sulfide 

Gold 


4.6.3 SILVER NANOPARTICLES 


Cell-free culture supernatants of five psychrophilic bacteria (Phaeocystis antarctica, Pseudomonas 
proteolytica, Pseudomonas meridiana, Arthrobacter kerguelensis, and Arthrobacter gangotrien- 
sis) and two mesophilic bacteria (Bacillus indicus and Bacillus cecembensis) can synthesis silver 
nanoparticles. This process is dependent upon pH, type of bacteria, and temperature. It is observed 
that two different type of bacteria cannot produce silver nanoparticles at same temperature (Shivaji 
et al., 2011). Lactobacillus casei subsp. casei can produce silver nanoparticles at room temperature. 
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this nanoparticles are spherical and within size limit of 25-50nm. Here nanoparticles are formed 
at the cytoplasmic cell membrane, in cytoplasm, and extracellular space of the strain, ; this process 
gives evidence that the enzymes responsible for bioenzymatic reactions are present at the cytosol 
and cytoplasmic cell membrane (Garmasheva et al. 2016). 


4.6.4 GOLD NANOPARTICLE 


Au3* gold(III) ion, also known as auric ion, is converted into octahedral gold nanoparticles by 
Bacillus subtilis 168. These nanoparticles fall in the range of 5~25 nm. With ideal temperature and 
pressure, AuCI3 converts into nanoparticles with this strain (Beveridge and Murray, 1980; Reddy et 
al., 2010). Gold nanoparticles can be made in the cell and out of the cell space. Bacillus megaterium 
DO1 can adsorb Au3+, when the biomass of this strain is held along with chloroauric acid nano gold 
particles, which have a spherical shape formed intracellularly or extracellularly. Here is this dodec- 
anethiol, also added as a capping ligand. Gram-negative bacillus Shewanella alga is a facultative 
anaerobe bacteria. This bacteria can reduce tetrachloroaurate and form gold nano particle; in this 
process, hydrogen gas (30 minutes at 25 Celsius within pH range of two to seven) or lactate acts as 
an electron donor, and the ferric ion acts as electron acceptor. Nanoparticles deposit at the periplas- 
mic space of the cell (Rajeshkumar et al., 2013). Here, pH is a very critical parameter because when 
we decrease pH below three, NPs deposit extracellularly. At pH below two, smaller nanoparticles 
deposit in the cell and larger particles deposit extracellularly (Konishi et al., 2007). 

For escherichia coli DH5 alpha biosynthesis gold nanoparticles in the size range of 33-17 nm, 
(Saha et al., 2007) this process leads mostly spherical particles, along with a small amount of tri- 
anles and quasi-shaped. When E. coli MC4100 and Desulfovibrio desulfuricans ATCC 29577 are 
exposed to chloroauric acid, nanoparticles are formed. Below 7 pH, spherical old nano particles in 
the size range of 10 nm synthesis and at slightly basic pH mixture of bigger and smaller nanopar- 
ticles are observed (Deplanche and Macaskie, 2008). 

Rhodopseudomonas capsulate also produced nanoparticles of gold under controlled pH. Here, 
NPs are produced extracellularly when AuCl4- ion is reduced to metal. At a lower concentration of 
chloroaurate ion, it produces spherical NPs, and at a higher concentration, nanowire is produced. 
Here, the whole process is enzymatic reduction caused by an NADH dependent enzyme, which is 
present in R. capsulate (He et al., 2008). 

Plectonema boryanum UTEX 485 in aqueous solution of aurochlorate ion and aurothiosulfate 
ion produce cubic nanoparticles. This bacterial strain is cynobacteria. Interaction of cynobacteria 
with aurochlorate ion precipitate amorphous AuS at the cell wall with an octahedral shape (Lengke 
et al., 2006). 


4.6.5 MAGNETITE NANOPARTICLES 


Desulfovibrio magneticus strain RS-1 is capable of reducing sulfates. They accumulate NPs in the 
cells (P6sfai et al., 2006). Alteromonas putrefaciens oxidize electron donors like pyruvate, lactate, 
hydrogen and format to reduce the Ferric ion and Manganese (IV) ion. Pelobacter acetylenicus and 
P. venetianus are also capable of reducing Ferric ion under specific conditions (Lovley et al., 1989) 
Desulfuromonas acetoxidans is capable of reducing ferric citrate complexed of ferric ion of nitrilo- 
acetic acid, pyruvate, and lactate, with the help of butanol as an electron donor (Revati and Pandey, 
2011). Pyrobaculum islandicum reduces the ferric ion where hydrogen acts as an electron donor and 
ferric citrate as an acceptor when the process takes place at 100 celsius. (Knutson, 2011) This strain 
can also reduce uranium (VI), Technetium (VI), Cobalt (III), Chromium (VI), and Manganese (IV); 
therefore, this type of strain can also be used in removal of toxic metals from water or metal depos- 
its. Generally, iron nano-sized magnetic particles are used in accurate prognosis, patient centric 
treatment, cellular interactions of environment, radio therapy, targeted drug delivery, MRI, immu- 
noassays, purification of DNA or RNA (Huber, 2005). 
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4.6.6 PALLADIUM AND PLATINUM NANOPARTICLES 


Desulfovibrio desulfuricans, which is a sulfate ion reducer, and Shewanella oneidensis, which 
can reduce the ferric ion, can also reduce Palladium(II) into Palladium(0). Here, reducing agents 
are lactate, pyruvate, or hydrogen. Shewanella algae can reduce platinum(III) into insoluble 
platinum. 


4.6.7 SELENIUM AND TELLURIUM NANOPARTICLES 


Stenotrophomonas maltophilia SELTEO2 gives significant results toward synthesis of metal selenium 
from selenite ion. Yield of the above process is found in the cell of the strain or at the extracellu- 
lar space. Enterobacter cloacae SLD 1a-1, Rhodospirillum rubrum, and Desulfovibrio desulfuricans 
also facilitate this process of yielding selenite nanoparticles from selenite ion. E.coli store selenite 
in both periplasmic cells and cytoplasm, by reduction of selenite. 

This all are the types of nanoparticles that can be use in targeted drug delivery of oligo nucleotides 
along with this zinc oxide nanoparticle, titanium/titanium dioxide nanoparticles, cadmium sulphide 
nanoparticles, tellurium nanoparticles, etc. Also, types can be made up or created through biosyn- 
thesis by bacterial strains, but they are more prone to use in electronic and mechanical approaches 
rather than drug delivery vehicles, due to their toxicity and poor compliance with drug molecules 
(Zoroddu et al., 2014). 


4.6.8 FUNGI-MEDIATED NANOPARTICLE GENERATION 
Fungi have the ability of metal bioaccumulation, high binding capacity, and intake into a cell the 


same as bacteria. For several years, fungi mediated synthesis has drawn significant attention because 
of high yields, ease of handling, and less toxicity in the residue. 
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Silver Nanoparticles 


FIGURE 4.3 Fungi meditated nanoparticles. 
(Vahabi et al.) 


Fusarium sp., Colletotrichum sp., and Phaenerocheate chrysosporium are types of fungus which 
are used in nanoparticle synthesis. Fungi can produce large amounts of enzymes that are responsible 
for NPs generation, so that they yield a high amount of product or NPs. Fungus is generally used in 
biosynthesis of silver nanoparticles. Trichoderma harzianum, Fusarium oxysporum, Colleotrichum 
sp. ALF2-6, Aspergillus oryzae, Rhizopus stolonifera, Aspergillus fumigatus BTCB10, Fusarium 
oxysporum, Trichoderma viride, Isaria fumosorosea, Guignardia mangifera, Duddingtonia flagan, 
Trichoderma longibrachiatum, Penicillium purpurogenum, Epicoccum nigrum, Penicillium oxali- 
cum, Arthroderma fulvum, Sclerotinia sclerotiorum MTCC8785, Guilger-Casagrande, Lima Fungal, 
Fusarium oxysporum, Fusarium oxysporum, Rhizoctonia solani, and Penicillium oxalicum GRS-1 
are some fungi which are widely used in biosynthesis of silver nanoparticles (Guilger-Casagrande 
and de Lima, 2019a). 
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TABLE 4.3 


Type of Nanoparticles Biosynthesized by Different Actinomycetes 
(Reddy et al., 2010) 


Type of Nanoparticles Actinomycetes 


Silver Streptomyces sp. 
Streptomyces sp JAR1 
Thermoactinomyces sp. 
Nocardiopsis sp MBRC-1 
Actinomycetes. 
Rhodococcus sp. 
Streptomyces albidoflavus. CNP10 
Streptomyces hygroscopicus. BDUS 49 
Streptomyces spVITPK1. 
Streptomyces rochei. 
Streptomyces sp BDUKAS10. 
Streptomyces sp VITBT7. 
Streptomyces sp I 
Rhodococcus sp Streptomyces aureofaciens. MTCC356 
Actinomycetes sp 
Actinomycetes sp 
Streptomyces glaucus 71MD. 
Streptomyces aureofaciens MTCC356. 
Streptomyces sp JF741876. 
Streptomyces sp ERI-3. 
Streptomyces sp LK3. 

Gold Rhodococcus sp. 
Streptomycetes viridogens HM10 
Thermomonospora spp. 67™ 
Thermomonospora sp. 


Streptomyces hygroscopicus 


Zinc Streptomyces sp. 
Zinc/copper Streptomyces sp. 
Zinc/manganese Streptomyces sp. 


4.6.9 ACTINOMYCETES-MEDIATED NANOPARTICLE GENERATION 


Thermomonospora sp., Rhodococcus sp., Streptomyces sp., Thermoactinomyces sp., and 
Rhodococcus sp. are some examples of actinomycetes which produced nanaoparticles. Actinomycetes 
are mostly used in biosynthesis of silver nanoparticles, though gold, zinc, copper, and manganese 
are also biosynthesized. Nitrate reductase is present in Streptomyces sp. Reduce agno3 into insolu- 
ble silver metal (Table 4.3). 
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Covid-19 has emerged as one of the great pandemics of 21* century after the last one in 1918. 

It has eventually resulted in tremendous development for highly effective vaccines to reduce 
the risk of Covid-19 infection, hospitalizations, and associated infections. Particularly in the 
United States, the Food and Drug Administration (FDA) authorized emergency administration 
for two mRNA vaccines BNT162b2 (Pfizer & BioNTech) and mRNA-1273 (Moderna) (Venky 
Soundararajan et al., 2021). Barajas-Nava (2021) reviewed the scientific literature to identify and 
evaluate scientific studies on vaccines on the way to development and production. 

Few studies involved the mechanism of infections; genomics was excluded. Overall, 141 vac- 
cines were identified, including weakened and inactive viruses, viral vectors, and proteins. Only 
13 vaccines were clinically evaluated. Many research teams and organizations developed newer 
technologies to develop these vaccines. Among those, five vaccines were in Phase I and seven vac- 
cines were in Phase I-II studies. One vaccine by the University of Oxford and AstraZeneca was in 
clinical evaluation (Phase II-III). The U.S.-based company Moderna revealed excellent results in 
their studies that led to the rapid design of the mRNA-1273 vaccine. The studies showed positive 
results to determine the effectiveness of the vaccine. mRNA possesses some unique advantages over 
other pDNA or viral vector vaccines. One of the greatest attributes includes the power to stimulate 
the production of neutralizing antibodies, which supported the further progress for the development 
and approval of the vaccine by the FDA (Leticia B., 2020). Another advantage is mRNA does not 
generate infectious particles or deliver antigen expression in situ, it can express complex antigens 
without packaging constraints (Maruggi et al., 2019). 
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They induce immune responses, such as the production of chemokines, cytokines such as inter- 
leukin-12 (IL-12), and tumor necrosis factor (TNF) (Liang et al., 2017). 


5.1 HISTORICAL LANDMARKS OUTLINING THE DEVELOPMENT OF mRNA 
VACCINES 


Pitlik (2020) discussed the origins of viral transmission and clinical characteristics of Covid-19 as 
compared to other pandemic diseases. As discussed in the early 1960s by Almeida, there exist seven 
different types of human coronavirus, such as HCoV-HKU1, HCV-OC43, HCV-NL63, HCV-229E, 
SARS-CoV-1, SARS-CoV-2, and MERS-CoV, not just including bats but all other animals (Combs 
S. 2020). 

In the case of COVID-19, pangolins are considered intermediate hosts. These are attributed to 
multi-curative properties. Various clinical research studies obtained viral sequencing samples from 
patients affected with SaRS-CoV-2, and it certainly brought the breakthrough power of mRNA vac- 
cines to help decrease infection rates/hospitalizations and provide a nearly accurate representation 
of viral transmission of SaRS-CoV-2 disease. 

Genetic sequencing technology of RNA and DNA has proved to be an invaluable tool in pan- 
demics to trace transmission pathways, detect mutation, and reconstruct the chain of transmission. 
During the current vaccine development process of Covid-19, many challenges emerged to facilitate 
the process and approve the efficacious drug to reduce the infection rates. 

Pardi et al. (2018) discussed the important pathways and challenges in delivering mRNA vac- 
cine technology against infectious diseases in further detail. mRNA technology has proven to be the 
most versatile, potent behavior in neutralizing antibody responses, even in low-dose immunizations. 
mRNA vaccines have been further differentiated as self-amplifying RNA vaccines and non-replicat- 
ing RNA vaccines. Self-amplifying mRNA vaccines demonstrated strong immunogenicity against 
lethal infections such as Toxoplasma gondii, influenza, Ebola, and bacterial pathogens, including 
Streptococcus A and B (.spp). Another form of mRNA vaccine is through dendritic cells. 

This type has been utilized mainly for HIV-1 infected individuals, although no clinical benefits 
have been observed. In addition, mRNA vaccines possess some crucial features, such as increased 
safety and efficacy power compared to DNA-based vaccines, minimal genetic vector so that anti- 
vector immunity could be avoided, and repeated administrations of the vaccines and scalable pro- 
duction, owing to in vivo transcription reactions. 

These mRNA vaccines are widely used to treat malignant cancers as well and have been exten- 
sively reviewed in recent scientific publications also. In addition, they have proven feasible and 
viable strategies to help combat cancer in numerous clinical studies. These cancer vaccines are 
mainly therapeutic and induce cell-mediated responses. These cancer vaccines can be administered 
by various routes, such as intradermal, intramuscular, intranasal, subcutaneous, and other unconven- 
tional routes such as intranodal and intrasplenic. 

Manufacturing of these mRNA vaccines provides minimal risks and higher safety than other 
DNA-based vaccines, as they do not require toxic chemicals, or any contaminating microorganisms, 
live viruses, viral vectors. mRNA vaccines also have some potential safety concerns that need to 
be evaluated in preclinical and clinical studies, such as local and systemic administrationand type | 
interferon responses. Thus, the future developments of mRNA vaccines will certainly have substan- 
tial research for enhancing therapeutic and clinical uses and thereby increasing the immunologic 
responses. 

A retrospective analytic study was conducted among 136, 532 individuals in the Mayo Clinic 
Health System (Arizona, Florida, Iowa, Minnesota, and Wisconsin). This study compared the clini- 
cal outcomes for the vaccinated cohort and unvaccinated control cohort. The significant findings 
suggest that both the mRNA-based vaccines (BNT162b2 and mRNA-1273) are 88.0% and 93.3% 
effective in real-world evidence to prevent SaRS-CoV-2 infection (Soundararanjan et al., 2021). 
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In addition to the above findings, the data showed BNT162b2 and mRNA-1273 were 88.8% 
and 86.0% effective in preventing COVID-19 associated hospitalizations. Overall, both vaccines 
mRNA1273 and BNT162b2 demonstrate robust evidence for the assessment of effectiveness in large 
phase III randomized clinical trials. The meta-analysis with a random-effects model of mRNA vac- 
cines in large observational studies showed a significant protective effect against RT-PCR (reverse 
transcription-polymerase chain reaction) confirmed SARS-COV-2 infection > 14 days after the first 
dose, i.e., 55% of vaccine effectiveness with 95% confidence interval and 95% of vaccine effective- 
ness after the second dose (Kow & Hasan, 2021). These studies are required to investigate vaccine 
effectiveness in immunocompromised patients and other variants of COVID-19 that can inform bet- 
ter decision-making policies in public health to increase mass vaccination efforts. 

Another important aspect of testing these vaccines in clinical trials was to follow-up on vac- 
cinated individuals and evaluate patterns among the people who are at risk of acquiring severe 
Covid-19 infection. 

The Centers for Disease Control & Prevention (CDC) identified “breakthrough” cases that were 
reported in the United States from early January 2021. As of September 20, 2021, CDC reported 
19,136 vaccine breakthrough individuals, resulting in hospitalizations or deaths, and more than 180 
million people are fully vaccinated against Covid-19. 


5.2 CHALLENGES TOWARDS RATIONALE DESIGN OF mRNA VACCINES 


In the early pandemic, the data findings were limited to obtaining and validating the drug manu- 
facturing process or scientific simulations. Various computational approaches have been developed 
since then to address the information on the molecular level in disease pathology, define a systematic 
approach towards the rapid vaccine development process, and accelerate the research to find targets 
for novel anti-SARS-CoV-2 preventive and treatment measures (Ghaebi et al., 2020). Messenger 
RNA (mRNA) vaccine technology has the innate immunotherapeutic pathway that can treat infec- 
tious diseases like COVID-19. Multiple formulations have been under investigation, such as conven- 
tional mRNA and self-amplifying mRNA. 

There have been several concerns regarding the safety and efficiency of mRNA vaccines over the 
past few years, but many recent studies suggest that stability concerns have been tackled by modi- 
fications of the mRNA backbone structure. Second, optimal carrier development has been ongoing 
research to enhance the stability and cellular uptake efficiency of these mRNA vaccines. Another 
important factor to consider that can influence the effect of mRNA vaccines is the innate immu- 
nological response of these vaccines. The third but very important factor influencing the effect of 
mRNA therapeutics is the inherent innate immune-stimulating activity of mRNA, which can either 
support or hamper the therapeutic outcomes. 


5.3 CLINICAL TRIALS EVALUATING THE SAFETY AND IMMUNOGENICITY OF 
mRNA VACCINES 


The National Institute of Allergy and Infectious Diseases (NIAID) have been conducting mul- 
tiple clinical trials in the research sites to assess the safety, immunogenicity, and reactogenic- 
ity of mRNA-1273 (ModernaTX.Inc). The molecule mRNA-1273 is a novel lipid nanoparticle 
(LNP) encapsulated mRNA-based vaccine. This particular Phase I study is enrolling both males 
and non-pregnant females ranging from 18 years age and above from three domestic clinical 
research sites (Georgia, Maryland, and Washington). The study will include up to one hundred 
and twenty subjects non-randomized in 13 different cohorts based on five dosages (10, 25, 50, 
100, 250 mcg). Subjects will receive an intramuscular injection of 0.5 milliliters (mL) on day 
one and day 29 and will be monitored in follow-up visits through 12 months (one, two, and four 
weeks post-each vaccination and three to six months post second vaccination (28 days apart in 
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each time point recorded). In addition, the secondary objective is to investigate the immuno- 
globulin IgG linked immunosorbent assay to SARS-CoV-2 spike protein after two dose vac- 
cination schedules at day 57. This study is active and is estimated to be completed primarily by 
November 22, 2022. 

Jochum et al. (2021) provided an exploratory analysis of the mRNA-1273 phase I trial by assess- 
ing the clinical utility of the quantitative Roche Elecsys Anti-SARS-CoV-2 assay (ACOV2S). As for 
the study, blood samples were collected from 30 healthy participants aged 18-55 years who received 
two injections of mRNA-1273 at dosages 25 and 100 mcg at baseline (day one, first vaccination), 
15, (day 29, second vaccination), 43, and 57. These samples were analyzed, and serum testing was 
performed as well. The samples were compared with antibody responses from individuals infected 
with polymerase-chain reaction (PCR) lab confirmed SARS-CoV-2 in two time points, i.e., zero to 
15 days and 16 to 35 post-PCR diagnosis, then further analyzed for the presence of SARS-CoV-2 
antibodies, using ACOV2S. 

The results depicted strong correlations of ACOV2S measurements with those from the receptor 
binding domain (RBD) ELISA. There was notable increase in antibody levels in the second vaccina- 
tion from the first vaccination by approximately 10-100 times in ACOV2S induced vaccination, as 
compared with natural SARS-CoV-2 antibodies. This data suggested that ACOV2S assay should be 
considered as a significant, feasible, and accessible tool to help assess and quantify the antibodies 
from receptor binding protein and provide us enhanced understanding of building robust immuno- 
logical pathways against COVID-19. 


5.4 mRNA VACCINES IN ADOLESCENTS AND OLDER ADULTS 


Jackson et al. (2020) published a preliminary report regarding phase I, open-label trial mRNA-1273 
trial including healthy adults 18-55 years of age. These individuals will receive mRNA-1273 doses 
of 25, 100, and 250 mcg as part of the vaccination research. 

The results displayed after the second vaccination; few systemic adverse events were reported 
in individuals receiving the highest dose (graded as mild to moderate). Overall, the mRNA-1273 
vaccine induced anti-SARS-CoV-2 immune responses in all the participants and no safety concerns 
were reported (Jackson et al., 2020). The safety profile has been similar to reports in trials of avian 
influenza (influenza A/H1 N08) and influenza A/H7N9. 


5.5 mRNA TECHNOLOGY: A PROMISING ALTERNATIVE FOR FUTURE 
IMPLICATIONS AND SUPPORTING DATA REVIEW 


The mRNA technology has greatly transformed the impact of vaccines globally in terms of the rapid 
development, low-cost manufacturing process, and completely synthetic nature to generate highly 
potent, safe immunogenicity. It has the potential to provide the adjuvant activity for dendritic cell 
maturation and stimulate T cell and B cell immune responses (Pardi et al., 2018). 

Nucleic acid vaccines, including mRNA, pDNA (plasmid DNA), and other viral vectors, have 
easy adaptability and flexibility. The manufacturing process is independent of encoded antigens, 
which allows different vaccines to utilize the same production and purification methods. 

This also eliminates the possibility of any infectious pathogen by specific pattern recogni- 
tion receptors (PRRs) to promote increase in adjuvant activity and any innate humoral and T cell 
responses (Maruggi et al., 2019). Nucleoside base modification (modified mRNA) is an emerging 
approach to increase the potency of mRNA (Maruggi et al., 2019). 

Another critical factor is the efficient mRNA delivery to achieve therapeutic relevance in vac- 
cination. Ex vivo DC loading has proven to allow high targeted delivery of injections, though it 
seems a costlier and more labor-intensive approach than vaccine delivery. Various forms of physical, 
genomic deliveries have been proposed to essentially increase the uptake of vaccine delivery and 
improve substantial progress in humans. 
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5.6 SAFETY AND EFFICACY OF mRNA-1273 AND BNT162B2 VACCINES 
(PHASE III CLINICAL TRIAL) 


In the Phase III randomized, placebo-controlled trial of SARS-CoV-2 vaccine mMRNA- 1273, the par- 
ticipants were enrolled in 1:1 ratio to determine the safety and efficacy of the vaccine (Baden et al., 
2021). The results suggested that more than 95% of the participants were administered with both the 
injections, and 2.2 % had serologic SARS-CoV-2 infection at the baseline. 

The analysis at the primary endpoint reveals that the efficacy of mRNA1273 is 30% or less. 
The findings from secondary analyses displayed a higher level of efficacy of 95.2% (95% CI). The 
efficacy endpoints were consistent across all the subgroups and indicated that the magnitude of 
vaccine efficacy is higher than other vaccines for respiratory diseases, such as influenza vaccine, 
for symptomatic, confirmed disease in adults. Similarly, the studies suggested that efficacy rate of 
mRNA- 1273 is like BNT162b2 (95% effective). Systematic reactogenicity was observed as mild or 
moderate in older adults as compared to younger adults (Polack et al., 2020). With these changes in 
some severity in few vaccine trials, it also presents us with some limitations. 


5.7 CONCLUSION 


Many multi-phase clinical studies involving mRNA vaccines were executed to assess safety and 
effectiveness in real-world evidence data. Since the early pandemic, there was a certain lack of 
data, such as the infection/hospitalizations rate in people, including some immunocompromised, 
co-morbid conditions. As the situation progressed, there were some robust developments toward 
understanding Covid-19 transmission pathways through a mixed, random-effects model, laboratory 
results, and case-control studies in different patient cohorts. Currently, studies are on-going regard- 
ing the SaRS-CoV-2 variants, and data has revealed in many studies that it has helped tremendously 
to prevent SaRS-CoV-2 incidence coverage across all age groups (5-12 years/12-18-year-olds/ >18- 
65 years old). This is important for us as public health professionals to educate and spread awareness 
in the community about vaccines, and help promote to increase vaccine coverage. 
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6.1 INTRODUCTION 


Cardiovascular diseases (CVD) are the group of disorders mainly related to the blood vessels and 
heart.! CVD is the major cause of death worldwide, killing more people each year than cancer and 
respiratory diseases combined. From 271 million in the 1990s to 523 million in 2019, the number 
of CVD cases has risen dramatically. The number of deaths has continuously climbed from 12.1 
million in the 1990s to 18.6 million in 2019.” The Western world is the most impacted, with one out 
of every three Americans suffering from cardiovascular disease. The ageing and population growth 
factors are predicted to be important drivers for the increase in the number of CVD patients.’ Efforts 
to promote practical and accessible methods for CVD prevention and control, as well as to monitor 
the results, are desirable. 

The limitations associated with available therapies have prompted extensive research on new 
therapies. Researchers now have the capabilities to target specific genes that play a critical role in 
cardiovascular illnesses by virtue of gene transfer vectors and delivery systems. Gene therapy has 
emerged as a promising treatment option for heart disease. Several clinical investigations have shown 
positive results in terms of efficacy and safety. Myocardial gene transfer can improve angiogenesis 


DOI: 10.1201/9781003 186083-6 71 


72 Gene Delivery Systems 


with VEGF or FGF, boost myocardial contractility, and minimize arrhythmia vulnerability with 
sarcoplasmic reticulum Ca”* adenosine triphosphatase, and trigger heart repair with stromal-derived 
factor-1, according to preclinical study (SDF-1).* Connexins 40 and 43, the skeletal muscle sodium 
channel SCN4a, or a dominant-negative mutation of the KCNH2-G628S, a rapid component of the 
delayed rectifier potassium channel, minimize the likelihood of atrial fibrillation and ventricular 
tachycardia in atrial fibrillation, according to preclinical studies.5 

The field of cardiac genetic manipulation is vast due to the extremely sophisticated and multiple 
disease pathways. Several gene products can be targeted to improve clinical quality, and several 
delivery vectors can be used in the clinic. This chapter looks at the most common cardiac illnesses 
that are now being studied to see if gene therapy can help. Also, a description of the genes that are 
being altered, as well as the current situation of preclinical and clinical trials, are discussed. 


6.2 TARGETS FOR CARDIOVASCULAR GENE THERAPY 
6.2.1  IscHEMIC HEART DISEASES 


Lack of oxygen leads to a condition known as an ischemia. In mid 1990s, gene therapy was explored 
to induce therapeutic angiogenesis in coronary and peripheral arteries in patients suffering with 
ischemic heart disease.* This concept is based on a perception that new blood vessels are formed 
by a cytokine-driven process and expression of some angiogenic cytokines, which are capable of 
solving acute conditions of ischemia in animal models. However, there is not a single successful 
application to achieve therapeutic angiogenesis in humans after over hundreds of clinical trials. 
The formation of new blood vessels from pre-existing vessels is aided by a variety of angiogenic 
growth factors, as shown in Table 6.1. VEGF, or vascular endothelial growth factor, is one of the 
most significant and commonly used factors related with angiogenesis. Members of the VEGF fam- 
ily include VEGF A, B, C, D, and E 78 and placental growth factors. Alternative splicing produces a 
variety of VEGF isoforms, with varying numbers of amino acids, including as VEGF-121, 145, 165, 
189, and 206.° They exert their biological effects through several membrane tyrosine kinase recep- 
tors. The recombinant proteins of VEGF-A or VEGF-C, along with the expression of plasmids or 


TABLE 6.1 

Tool Box Targeted Genes for Their Therapeutic Targets 

Therapeutic Targets Targeted Genes 

Thrombosis Hirudin, thrombomodulin, COX, TFPI, tPA 

Vulnerable plaques COX, TIMPs, soluble VCAM 

Therapeutic angiogenesis VEGF-A, B, C, D, E, Angiopoetin 1, 2, HGF, PDGF, MCP-1, FGF-1, 2, 4, 5, 
eNOS, iNOS 

Systemic hypertension Adrenomedullin, tissue kallikrein, eNOS, ANP, adrenoceptor, angiotensin II 


type-I receptor, ACE, Angiotensin gene activating element, carboxypeptidase Y, 
CYP4AI antisense oligonucleotides, c-fos, TRH receptor, TRH 


Pulmonary hypertension ANP, VEGF-A, eNOS, prostacyclin synthase, prepro-calcitonin gene related 
peptide 
Atherosclerosis, hyperlipidemia Soluble VCAM or ICAM, SOD, 11-10, PAF-AH, Lipoprotein lipase, soluble 


scavenger-receptor decoy, hepatic lipase, apoB, lipid transfer protein, LDL 
receptor, apo Al, VLDL receptor, Lp(a) inhibition, LCAT, Lipid transfer protein 

Graft failure in veins and restenosis FAS ligand, PCNA antisense oligonucleotide ribozyme, gax, c-myc, cecropine A, 
cdk-2, ras, blocking PDGF or TGF expression or their receptors, iNOS, eNOS, 
gax, CyA, VEGF-A, TK, p16, p27, p21, p53, COX, TIMPS, VEGF-C, TK, E2F 
decoys, cdc-2, GB Rb, sdi-NFkB, C-myb 
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adenovirus, have shown favourable effects on myocardium, injured arteries, and ischemic tissue in 
various animal models. Other biological factors, such as angiopoietin-1!° and angiopoietin-2, influ- 
ence the stability and development of new vasculature, which helps to reshape the response to VEGF 
gene therapy. In addition, angiogenesis can also be induced with the help of fibroblast growth factors 
(FGFs).!!-1% In-vivo, the most prevalent FGFs, such as FGF-1, FGF-2, and FGF-5, affect a variety 
of cells. These receptors, unlike the VEGF family, are mostly found on monocytes, macrophages, 
and endothelial cells. Other growth factors and cytokines, which indirectly induce angiogenesis by 
reviving the production of VEGF from cells in-vivo, are platelet derived growth factors, monocyte 
chemotactic protein-1, and hepatocyte growth factor HGF", on which clinical trials have begun, 
along with its intra-myocardial plasmid delivery. As numerous transitory expressions of growth 
factors are required for the sprouting of new blood vessels, gene therapy may be the most effective 
technique to create therapeutic angiogenesis. Angiogenesis stimulation has yet to be proven to result 
in the creation of functional collateral arteries, and other factors, such as pericyte activation and 
continuous flow, may be necessary. It’s unknown whether diabetic or elderly patients have lower 
angiogenic responses. We also don’t know if ischemia is necessary for the production of angiogenic 
factors. These considerations are essential, since ischemia does not occur on a continuous basis, 
even in severe peripheral artery disease, but only during workouts.!5 

The risks associated with therapeutic angiogenesis include hemangioma, stimulation of angio- 
genesis in the tumor, development of non-functional leaky blood vessels, and excessive new blood 
vessel formation in atherosclerotic lesions that can lead to plaque rupture and intraplaque hem- 
orrhage. These obstacles can be overcome by increasing the tissue specificity of gene constructs 
and promoting them, because it can specifically control gene expression. In addition to gene ther- 
apy, local genes can also be delivered to the heart through various techniques as described above 
to reduce the risk to other organs. A possible way to stimulate angiogenesis is physical exercise, 
through electrical stimulation or through pharmacological agents.!> 16 


6.2.2 ATHEROGENESIS AND THROMBOSIS 


Atherosclerotic lesions gear up their formation in the second decade of life and proceed for the next 
20 to 40 years as clinically important lesions. Pathogenesis of atherosclerosis involves several genes 
and environmental factors. Thus, atherosclerosis is not treated with the help of single gene or local 
gene transfer. In order to make the gene therapy a successful venture in atherosclerosis, many hered- 
itary diseases and single gene defects that are susceptible to atherosclerosis need to be addressed. 
Here we discuss a few single gene transfers that facilitate to treat atherosclerosis. For example, leci- 
thin cholesterol acetyl transferase (LCAT) or lipid transfer protein gene transfer can be used to treat 
certain dyslipoproteinemias. Gene transfer of very low density lipoprotein (VLDL) and low density 
lipoprotein (LDL) to the liver is an efficient treatment for low density lipoprotein receptor dysfunc- 
tion.'” 18 Gene transfer of the catalytic subunit of the ApoB editing enzyme-apobec-1 can suppress 
elevated levels of atherogenic apolipoprotein (Apo) B100." Similarly, apoE gene transfer helps to 
decrease the lipoprotein levels that is used to treat type III hyperlipoproteinemia. In ApoA1 deficient 
patients, ApoAl gene transfer is used to promote the reverse cholesterol transport. Patients with a 
lack of enzymes like hepatic lipase and lipoprotein lipase benefit from gene transfer since these 
enzymes are necessary for lipoprotein metabolism. Class A soluble scavengers and class B soluble 
scavenger receptors gene transfer also benefits by decreasing the lipid accumulation in macrophages 
and by altering high-density lipoprotein levels (HDL) respectively. 

In early stages of atherosclerosis, endothelial dysfunction occurs due to decrease in the NO bio- 
availability, which can be treated using VEGF and eNOS genes.%: 7! However, in advanced ath- 
erosclerosis cases, increased production of NO is not beneficial. Transferring genes for platelet 
activating factors acetyl hydrolase (PAF-AH), Interlukin-10 (IL-10), and dominant negative RhoK 
can also help to reduce atherosclerosis.” Rho family GTPases are involved in the regulation of the 
actin cytoskeleton and cell adhesion.” 
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A thrombosis can be caused by a ruptured plaque in an atherosclerotic artery, resulting in an 
acute ischemic episode, such as unstable angina and myocardial infarction. Transfer of the tis- 
sue inhibitor of metalloproteinase (TIMP) gene can aid in the stabilization of unstable plaques.” 
Many studies have shown that transferring genes for biological indicators, including hirudin, throm- 
bodulin, tissue plasminogen activator, cyclooxygenase, and tissue factor pathway inhibitor, lowers 
thrombotic events.15 


6.2.3  RESTENOSIS, IN-STENT RESTENOSIS, GRAFT FAILURE 


Post-angioplasty and in-stent restenosis are important targets for gene therapy since both illnesses 
cause balloon-dilated arteries to become occluded within six months of the treatment in 20% of 
patients. However, the process of restenosis is slow in grafts which are occluded in five years within 
50% of patients. There are various factors, such as cell proliferation, remodeling thrombosis, matrix 
deposition, smooth muscle, as well as platelet and leukocyte adhesion, which play a crucial role in 
the development of arterial restenosis after stenting, in-vein graft diseases, and angioplasty. Gene 
therapy is more focused toward inhibition of proliferation and migration of smooth muscle cells, 
undesirable growth factor effects, and formation of connective tissues. Construction of decoy oli- 
gonucleotide ribozymes and antisense against NF-KB, E2F, c-myb, c-myc, cdc-2, cdk-2, ras, bcl-x, 
and antigen of nuclear proliferating cells decreased the intimal thickening in a restenosis experi- 
ment.2%% p21, p27, p53, gax and non-phosphorylated retinoblastoma gene is reported to inhibit cell 
cycles in an animal model. When HSV-TK, cytosine deaminase, fas ligand, and preprocecropine 
A genes were transferred into several animal models, there was a reduction in smooth muscle cell 
migration and cellular proliferation in blood vessels.*°** The VEGF gene was transferred to the 
vessel wall, which reduced the creation of neointima and encouraged endothelial regeneration in 
wounded blood vessels. It is thought that substances such as C-type natriuretic peptide, prostacyclin 
12, and nitric oxide are secreted during the rapid regeneration of endothelial cells, and that gene 
transfer of nitric oxide synthase and tissue inhibitor of metalloproteinase (TIMP-1) inhibited the 
formation of neointima in animal models. In numerous animal models, gene transfer of recombi- 
nant hirudin (a thrombin inhibitor) and dominant negative Rho kinase suppressed the formation of 
neointima.* In human trial, successful ex-vivo gene transfer of E2F decoy in vein graft reduced the 
graft failure rate.15 34 


6.2.4  SySTEMIC HYPERTENSION 


The prevalence of hypertensive patients with genetic abnormalities is minor. Nevertheless, systemic 
hypertension is the major risk factor involved in cardiac arrhythmia, ischemic heart disease, pro- 
gressive renal damage, and peripheral vascular diseases. It is easily controlled by pharmacological 
agents, and these drugs are very successful in controlling systemic hypertension. However, long 
term management of systemic hypertension using gene transfer can improve the patient compli- 
ance. The viability of gene therapy is questioned because of its raveled and multifactorial etiology. 
Still there are certain mediators of gene therapy that effectively lower the systemic blood pressure. 
One of the methods of gene transfer is to increase the vasodilator protein by transferring the genes 
encoding atrial natriuretic peptide (ANP)*, adrenomedullin*, nitric-oxide synthase (e-NOS), and 
tissue kallikrein,* which successfully reduced blood pressure in animal models. Another method 
uses anti-sense oligonucleotides against angiotensin converting enzyme (ACE), angiotensin gene 
activating element, angiotensin type | receptor, adrenoreceptors, carboxypeptide Y, CYP4A1, thy- 
rotropin releasing hormone (TRH), TRH receptor, and c-fos focus on decreasing vasoconstrictor 
proteins. Both of the methods have shown promising results in the pre-clinical stage.** However, 
no clinical trials are reported to investigate the effect of gene transfer on systemic hypertension 
until this date. 
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6.2.5 PULMONARY HYPERTENSION 


Progressive increase in pulmonary artery pressure is known as pulmonary hypertension. Etiology 
of primary pulmonary hypertension (PPH) is unknown; however, mutation in Bone Morphogenic 
Protein Receptor II (BMPR-ID is reported in scattered cases of PPH.* Secondary pulmonary hyper- 
tension is caused due to chronic thrombotic or embolic diseases, chronic hypoxia, collagen vascular 
disease, congenital heart diseases, chronic obstructive pulmonary diseases, and exposure to certain 
drugs. Also, right ventricle hypertrophy, plexogenic pulmonary arteriopathy, and vascular remodel- 
ing in small- and medium-sized pulmonary vessels is observed in many cases. Prostacyclin, inhaled 
nitric oxide, endothelin receptor antagonists, and calcium channel blockers have all been used to 
treat pulmonary hypertension, but they have all failed to treat PPH, since it is progressive and malig- 
nant. Various genes, such as e-NOS, prostacyclin synthase, MCP-1, prepro-calcitonin gene related 
peptide, VEGF, and atrial natriuretic peptide, are utilized to reduce pulmonary artery vasospasm and 
cellular proliferation, although these strategies are only successful in animal models.*>: 39. 40 


6.2.6 HEART FAILURE 


Some of the most essential targets in the system can help failing cardiomyocytes regain their func- 
tion. Its primary purpose is to restore functions once heart failure has been induced in animal models. 
It should be associated with increase in the expression of the gene of interest to improve its function, 
and it is not associated with established gene-dose effects or arrhythmogenesis. Development of 
heart failure takes place because of deregulation at multiple levels in excitation-contraction cou- 
pling. Thus, various transporters, critical proteins, and various channels can be targeted and the 
contractile functions can be restored by gene editing.*! The two important targets for heart failure 
are discussed below: 


6.2.6.1 Ca?* Protein Cycling as a Target 

HF is caused by a number of abnormalities in the Ca** processing protein involved in excitation- 
contraction coupling. These effects can be reversed with the help of gene therapy, using some of the 
novel techniques described below: 


a. Overexpression of SERCA2a: 
Abnormality in calcium cycling due to the partial decrease in SERCA2a was reported in 
human heart failure twenty years ago. Gene transfer of SARCA2 showed improvement in car- 
diac contractility in many experimental models of HF. AAV mediated SERCA2a showed long 
term overexpression, preserved systolic function, and improved ventricular remodeling.” It 
also restored the energetic state of the heart in terms of utilization and supply, enhancing coro- 
nary flow by activating e-NOS in endothelial cells and decreased ventricular arrhythmia.* 


b. Inhibition of phospholamban (PLN): 
Inhibition of PLN is another technique for improving Ca?* handling. Reduced PLN levels in 
human cardiac myocytes resulted in improved relaxation velocities and contractions, similar 
to SERCA2a gene transfer.* An animal model (sheep) showed positive results in activity of 
SERCA, as evident from improved function of systolic and diastolic LV function by silenc- 
ing PLN expression. In addition to these therapies, RNAi therapy is also used in various HF 
animal models to suppress Phospholamban (PLN) expression.* 


c. Active J-1 and inhibition of protein phosphatase 1 (PP1): 
In mouse hearts, increased PPI activity induces dephosphorylation of PLN, upregulation of 
PPI, and excision of I-1, which is linked to a reduction in adrenergic receptor-related con- 
tractile response, premature mortality, and poor cardiac function, all of which lead to heart 
failure. Recent research on transgenic mice with constitutively active I-1 expression found 
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that inhibiting PPI, which increased the phosphorylation of PLN, enhanced cardiac contractil- 
ity. It also confirmed a relationship between SERCAZa activity and phosphorylation of PLN. 
I-l expression improved the contractile recovery and reduced the infract size by refining the 
reperfusion-induced injury or ischemia, in addition to decreasing the levels of biomarkers of 
apoptosis and endoplasmic reticulum stress response.*°+8 


d. SUMOI: 

The cytoplasmic protein small ubiquitin-like modifier type 1 (SUMO1)” influences the activ- 
ity and levels of SERCA2a in cardiomyocytes. They are members of the peptide SUMO fam- 
ily, which changes the capabilities of other proteins in cells after translation modification, a 
process known as sumoylation. This process enhances the stability and increases the activity 
of SERCA2a. Levels of SUMO1 were increased with the help of AAV9 gene transfer in fail- 
ing human ventricles, as well as heart failure models of pig and murine, wherein the hemody- 
namic performance was improved, mortality was reduced in animals with HF, and SERCA2a 
levels were restored.*! 


e. SIOOAL: 

S100A1, a superabundant isoform of the $100 protein found in the heart, is a calcium modu- 
lated protein implicated in intracellular regulatory actions. It enhances the activity of both 
SERCA2a and RYRs, which stimulates cardiac relaxation and contractile function. Recently, 
AAV-6 mediated S100A1 showed encouraging results for LV remodeling and dysfunction in a 
rat model for heart failure. In a pre-clinical model of induced cardiomyopathy, S100A1 dem- 
onstrated a significant increase in contractility, indicating that human clinical trials of S100A1 
gene therapy are necessary in the upcoming years.>! 5? 


6.2.6.2 Targeting of Beta-Adrenergic System 

Signalling of adrenergic system is adversely affected leading to down regulation and de-sensitization 
of B-adrenergic receptors. Signalling abnormalities of B-AR are seen because of the up-regulation 
of GRK 2 protein. Several gene-based experiments have hypothesized that cardiac function can be 
enhanced by genetic modification of B-AR system. 


a. Overexpression of B-AR: 
Transgenic mice that overexpressed B1-AR had severe cardiomyopathy,55 overexpression of 
2-AR increased myocardial adenylate cyclase activity and improved left ventricular function 
in mice.*4 The intracoronary and direct myocardial delivery of AAV harboring the 2-AR trans- 
gene improved cardiac function in mammalian and rodent models.5% 56 


b. Cardiac Adenylyl Cyclase (AC) expression activation: 

Significant components of the -adrenergic system were employed to increase cAMP expres- 
sion, but the results were not satisfactory. However, an activation of Adenylyl cyclase (AC) 
type IV had a beneficial profile. The up-regulation of AC IV in transgenic mice improved 
adrenergic-stimulated heart function and increased cAMP production in isolated cardiomyo- 
cytes. AC IV has no influence on normal heart function and has no interaction with struc- 
tural abnormalities of the heart.* In various animal models, AC IV intracoronary delivery 
improved the LV function and remodeling in response to increased cAMP generating capac- 
ity.58 Successful results of pre-clinical studies using gene AC IV will promote the start of 
human trials in patients with HF.°° 


c. G-protein coupled receptor kinase (GRKs) inhibition: 
Kinases regulate the interactions between B-ARs and G-protein that modulate the receptors by 
phosphorylation. The family of GRKs mediates the agonist dependent desensitization which 
results in functional uncoupling. The most visible GRK in the heart is GRK2, which binds 
to the Gbg subunit of activated G protein phosphorylated B-ARs and then to P-arrestin, an 
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inhibitory protein with detrimental action in failing hearts due to faulty cardiac B-AR sig- 
naling.© Several studies involving myocardial infarction induced HF showed that selective 
excision of GRK2 post-infraction halted the ventricular remodeling, enhanced the cardiac 
contractile, and increased the survival in mice.S! Transgene intracoronary adenovirus medi- 
ated distribution of peptide ARKct after myocardial infraction established a marked reversal 
of ventricular dysfunction and is another approach that inhibits GRK2 mediated -AR desen- 
sitization. Thus, further studies are focusing on large animal models.® Other targets such as 
targeting cell death and homing of stem cells are also used to treat heart failure.*! 


6.3 CLINICAL STUDIES ON GENE THERAPY FOR CVDS 


As we have studied in previous sections about various genes selected as a target for treating different 
cardiovascular diseases using various vectors and modes of delivery. This section will focus on the 
recent, ongoing, or planned clinical trials for delivery of genes for various cardiovascular diseases. 
Despite the failures of clinical trials for various diseases, in the past few years the vision is restored 
because of the new vectors which are developed for accurate and efficacious delivery of genes in 
diseases such as infectious diseases, cancer, monogenetic diseases, and CVDs,. 

Insufficient blood supply to the myocardium is caused by ischemic heart disease and atheroscle- 
rotic stenosis. The fundamental concept of angiogenesis and formation of blood vessels, which has 
already been addressed, can be used to cure this. Several growth factors, including fibroblast growth 
factor (FGF), vascular endothelial growth factor (VEGF), and hepatocyte growth factor (HGF), are 
employed in gene therapy procedures combined with cell treatment. Several clinical trials, such as 
APIRE®, AWARE, KAT 301, and many more as mentioned in Table 6.2, have been put into effect 
in the last 10 years using plasmid or adenovirus as a vector to achieve success. However, phase II/II 
trials have yielded no clinically relevant evidence yet.® There are several new targets, such as thy- 
mosin B4, GalNac-antisense oligonucleotide, promoter activating siRNA, exosomes, and hypoxia 
inducible factor la, which help to target ischemic myocardium. However, currently no clinical trials 
are focusing on the new target for treatment. 

The very first clinical trial for heart failure, named CUPID, was launched in 2007 in the United 
States.“ The SERCA2a gene transfer employing intracoronary administration was evaluated in a 
multicentric trial to determine the biological effects and safety profile.© There are currently various 
trials ongoing or in the implementing stages to rescue the failing myocardium by targeting various 
pathways. The recent clinical trials include the target adenylyl cyclase type 6, SDF-1, and SERCA2a 
(Refer Table 6.2). The most recent trial for congestive heart failure is NAN-CS101, which gives the 
intracoronary administration of an active I-1 transgene (AA 1-65 with T35D), and the second is the 
vector BNP116., 

In hyperlipidemia, gene therapy for atherosclerosis is potentially used for the treatment of lipo- 
protein metabolism. GLYBERA was the very first gene-based medication granted in the Western 
world for lipoprotein lipase deficiency and severe pancreatitis attacks. It was reported for lipoprotein 
lipase deficiency and severe pancreatitis attacks.“ Recently, various clinical trials using gene ther- 
apy are ongoing, with focus on lowering the plasma concentration level and homozygous familial 
hypercholesterolemia by targeting LDL receptors, lipoprotein (a) as mentioned in Table 6.2.°° 70-72 


6.4 CONCLUSION AND FUTURE PERSPECTIVE 


In summary, different types of vectors and gene delivery methods are currently in use. Different 
types of genetic targets are available for the treatment of cardiovascular disease. A quick look at the 
latest clinical trials in this area will help researchers develop sensible therapies. Gene therapy has 
not been successfully applied to the cardiovascular field since its inception for 30 years. Although 
the success of gene therapy in the past 30 years has opened up new and innovative therapies for 


TABLE 6.2 


Clinical Trials for Gene Therapy of CVD 


Trial Name 


VEGF peripheral trial 


KAT 301 


ReGenHeart 


VEGR-A116A 


HGF-X7 
HGF-X7 (VM202) 
HGF-X7 (NL003) 


Neovasculgen 


KAT-PAD101 


AWARE 
ASPIRE 


JVS-100 
MULTIGENE ANGIO 


AGENT-HF 


STOP HF 


CUPID 2 


SERCA-LVAD 


Therapeutic Agent 


VEGF-A 


VEGF-DANAC 


VEGF-DANAC 


VEGF-A116A 


HGF 
HGF 
HGF 
VEGF-A165 


VEGF- DANAC 


FGF-4 
FGF-4 


SDF-1 
VEGF-A165 


SERCA-2a 


SDF-1 


SERCA2a 


SERCA2a 


Vector 


Ad, PI 


Ad 


Ad 


Ad 
PI 
PI 
PI 


Ad 


Ad 
Ad 


PI 
RV 


AAV 


PI 


AAV 1 


AAV 1 


Delivery 
Percutaneous injection at angioplasty 
site 
PET/NOGA guided percutaneous 
intramuscular injections 
PET/NOGA guided percutaneous 
intramuscular injection 


Thoracotomy, intramuscular injection 


Percutaneous, intra muscular injections 
Intra muscular injection 
Intra-muscular injection 


Intra-muscular injection 


Intra-muscular injection 


Percutaneous, intra-cutaneous injection 


Percutaneous, intra-coronary injection 


Intramuscular injection 


Percutaneous intra-arterial injection 


Percutaneous, intra-coronary injection 


Percutaneous intra-muscular helical 
infusion catheter-mediated injection 


Percutaneous intra-coronary injection 


Percutaneous intra-coronary injection 


Diseases 


PAD 


CAD 


CAD 


CAD 


CAD 
PAD 
PAD 
PAD 


PAD 


CAD 
CAD 


PAD 
PAD 


Heart-failure 


Heart-failure 


Heart-failure 


Chronic heart failure 


Phase 


II, RCT 


I, RCT 


ILRCT 


VII, Open 
label 


I 

H 

H 
INI 


I,RCT 

III/RCT 

TI/ 
open-label 

II 

I, open label 


II, RCT 


H 


II, RCT 


ILRCT 


Main Results 


Positive 


Positive 


NA 


NA 


NA 
NA 
NA 


Positive, pain free 
walking increased 
by 167% after 
a year 

NA 


NA 
NA 


NA 

Positive 
Amputation-rate 
at 1 year was 
72% 

NA 


Negative 


Negative 


NA 


Primary Endpoint 


Increase in vascularity 


Perfusion reserve in 
ischemic area 

Perfusion reserve in 
ischemic area,6 min 
walking test 


Depression on ETT, 
time to Imm ST 


Safety 

Visual analogue scale 

Visual analogue scale 

Pain free walking 
distance 


Perfusion in treated 
area and safety 


ECG changes on ETT 


Reversible perfusion 
defect 


Amputation rate, safety 


Amputation -free 
survival, safety 


End-systolic volume 
changes in left 
ventricle 


6-min walking distance 


Time to recurrent 
cardiovascular event 


Feasibility and safety 


Reference 


73 


64 


NCT03039751 


NCT01757223 


T4 


NCT01064440 
NCT01548378 


75 


Eudra CT 
001019-22 


NCT00438867 


__ 63 


Nct01410331 


__76 


NCT01966887 


math 


— 67 


NCT00534703 


84 


SUIBISAS A13A!J3Q 3Uu39 


AC6 Adenylyl cyclase 
type 6 

RETRO-HF SDF-1 

Familial LDL receptor 

hypercholesterolemia 
trial 

apoC-III As-oligonucleotide 
against 
apolipoprotein 
C-III 

PCSK9 siRNA against 
PCSK9 mRNA 

Lp(a) As-oligonucleotide 
against Lp(a) 

AAV FH LDL receptor 

Lp(a)- I Liver targeted 
asoligonucleotide 
against Lp(a) 

NANCS-101 Active I-1 (AA-165 
AND T53d) 


Ad 


PI 


RV 


As-oligonucleotide 


siRNA 


As-oligonucleotide 


AAV 


GalNac conjugated 
as-oligonucleotide 


BNP 116 


Percutaneous intra-coronary injection 


Percutaneous retrograde injection via 
coronary vein 


Ex vivo gene transfer to patient 
hepatocytes that were then injected 
back into the patient 


Sub-cutaneous injection (weekly) 


Sub-cutaneous injections (monthly/ 


weekly) 


Sub-cutaneous injections (weekly) 


Liver directed delivery 


Sub-cutaneous injection (weekly) 


Intra-coronary administration 


Heart failure 


Heart failure 


Homozygous familial 
hypercholesterolemia 
because of LDL 
receptor mutation 


Hypertriglyceridemia 


High LDL cholesterol 
level 


High lipoprotein level 


Homozygous familial 
hypercholesterolemia 
because of LDL 
receptor mutation 


High lipoprotein level 


Congestive Heart 
failure 


VII, RCT 


VI, open 
label part 
and RCT 
part 

I, open label 


II, RCT 


I, RCT 


II, RCT 


I, open label 


VII, RCT 


I, open label 


NA 


NA 


3 patients showed 
moderate 
decrease in 
cholesterol level 

Positive, plasma 
levels of apoC 
decreased by 
40%-80% 

Positive, reduction 
by 51% to 60% 
in plasma LDL 
cholesterol 

Positive, reduction 
in plasma Lp(a) 
concentration by 
67% 


NA 


Positive, plasma 
Lp(a) reduced by 
66%-92% 


NA 


Combined cardiac NCT00787059 
function and ETT 
before and during 


dobutamine stress 


6-min walking distance NCT019617266 


Decreased in plasma —n 
LDL cholesterol level, 
safety 

Change in plasma —? 

apoC-IIl level 


Change plasma LDL —B 


concentration 


Change in plasma —? 


lipoprotein 
concentration 


Decrease in plasma NCT02651675 
LDL cholesterol, 
safety 

Changes in plasma —? 

Lp(a) concentration 


Adverse event, all,- NCT04179643 
cause mortality and 


HF hospitalization 


Note: CAD, coronary heart disease; PAD, peripheral vascular disease; RCT, randomized controlled trial; ECG, electrocardiogram; RV, retrovirus; Pl, plasmid; ETT, exercise tolerance test; S-T 
segment; NA, not available, HF- heart failure, BNP- Brain natriuretic peptide. 
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CVD patients, improvements are still needed to overcome obstacles such as DNA vector efficacy, 
existing gene delivery methods, and development of genetic targets, gene size selection, vector and 
vector tolerance, duration of gene expression, and patient death on gene therapy. As understand- 
ing of cardiovascular pathophysiology increases, new targets for gene therapy will be discovered. 
Pharmacogenomics will make it possible to advance in the search for the best gene therapy methods 
and tools to adjust dysfunction pathways and reverse the course of quality of life of patients. For the 
purpose of delivery, we need to develop viral and non-viral vectors, which can overcome the obsta- 
cles and routes of systemic administration. As we enter the world of personalized medicine, with the 
development of delivery and packaging of genetic material, gene therapy is becoming increasingly 
suitable for clinical medicine. To improve cardiovascular therapy through gene delivery, genetic 
engineers, delivery scientists, and biologists must work together. By diagnosing new genetic targets 
and developing new gene delivery technologies, cardiac gene therapy is expected to become an 
emerging field that will ultimately enhance clinical success. 
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7.1 INTRODUCTION 


Human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) is among 
the major health problems worldwide. As per the statistical data from World Health Organization 
(WHO), about 37.6 million people were living with HIV by the end of 2020, Among these, 35.9 
million people were adults and 1.7 million were children (<15 years old). Surprisingly, only 59% of 
infected patients receive highly active antiretroviral therapy (HAART), which still remains the main 
therapeutic option for HIV-1 patients. This therapy can reduce the morbidity and mortality of HIV- 
related disease. However, HAART cannot totally eliminate latent viral reservoirs, thereby making 
HIV-1/AIDS a chronic and incurable disease. With recent studies in HIV/AIDS prevention, diag- 
nosis, and treatment, the morbidity and mortality of HIV/AIDS has been decreased significantly. It 
is caused by HIV infection and induces immune destruction [1]. There are two different types of 
HIV: HIV! and HIV-2. They both have many similarities and both can lead to AIDS [2]. Compared 
to HIV-1, HIV-2 has lower transmissibility and is less pathogenic. HIV-1 is recognized as the major 
cause of AIDS and becomes the main target to prevent and cure AIDS. HIV-1 is a retrovirus with an 
RNA genome of about 9.8 kb. The complete genome is flanked by two long terminal repeat (LTR) 
sequences, and it encodes 10 viral proteins, including gag, pol, vif, vpr, vpu, env, tat, rev, nef, and 
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the antisense protein (ASP) [3], which have different functions in virus invasion and replication. 
Three main routes that spread HIV-1 are sex, intravenous injection, and vertical transmission [4, 5]. 

All HIV-1 infected patients have three stages, acute HIV infection, chronic HIV infection (clini- 
cal latency), and clinical disease (AIDS) [6]. Mechanistically, HIV1 invades host cells by binding its 
gp120 envelope protein to the CD4 receptor on the membrane of the target cell, and then interacts 
with the CCR5 or CXCR4 coreceptor, which depends on the tropism of viral strain. The host cells 
mainly correspond to T cells, monocytes, and dendritic cells (and even microglial cells, astrocytes, 
and perivascular macrophages) in the central nervous system. The life cycle of HIV-1 is complex, 
which contributes to ineffective virus elimination. HIV-1 entry into cells will establish two types of 
infection, including latent infection and active infection. Latent infection occurs in the early stage 
of infection within a few cells, while active infection appears in most cells [7]. For active infec- 
tion, the provirus is active and produces viral particles, which make infected cells bud new progeny 
virions. The establishment of latent infection may be mediated by complex mechanisms, including 
RNA interference [8], chromatin environment [9, 10], transcription factors [11], and HIV-1 provirus 
integration sites [9]. 

Latent infection results in the generation of latent reservoirs, which contain infected resting CD4+ 
T cells [7, 12], astrocytes [13], macrophages [14], and microglial cells [15]. The latent reservoirs are 
often located in gastrointestinal tracts [7, 14], brains [14, 15], and lymphoid tissues [7], which are 
difficult to reach by antiviral drugs. Once the latently infected cells are reactivated by stimuli, newly 
generated virus will be produced and infect neighboring cells, then a new latent reservoir will re- 
establish. Therefore, HIV-1 latent reservoirs are the major challenge for an effective cure for HIV-1/ 
AIDS, due to which HIV/AIDS still remains an incurable, chronic disease because of the presence 
of multiple HIV latent reservoirs in the body of patients. 

The ultimate therapy for HIV/AIDS is based on the removal or disruption of integrated HIV 
provirus from latently infected cells or the elimination of these latent cells completely. However, 
the gene therapy for HIV/AIDS has progressed very slowly in past years. The recent developments 
in gene-editing technology have increased the hopes for eradication of HIV, as the provirus can be 
removed from the host cell genome through the newly developed technique of clustered regularly 
interspaced short palindromic repeat (CRISPR)/CRISPR associated protein 9 (Cas9) gene-editing 
[16-19]. Also, CRISPR/Cas9 system can be useful to induce apoptosis in reservoir cells [20, 21]. 

The CRISPR/Cas9 system has emerged as a popular gene-editing system with proven efficacy 
in mammalian cells. Even in year 2013, soon after the introduction of CRISPR/Cas9 technique, 
its potential applications for treating HIV/AIDS were significantly considered [28]. The use of the 
CRISPR/Cas9 system is now considered as a powerful gene-editing tool to delete or disrupt HIV 
provirus from latently infected cell genomes or to knock out CXCR4 and CCR5 receptors for HIV 
infection treatment and prevention. The elimination or disruption of HIV provirus in reservoir cells 
or the elimination of reservoir cells might result in a cure for HIV/AIDS. 


7.2 OVERVIEW OF CRISPR/CAS9 TECHNOLOGY 


The ultimate goal of gene-editing is gene repair. Several gene editing technologies recently demon- 
strated strong potential for therapeutic uses. 

In the recent studies, the three main nuclease-mediated gene editing tools include transcription 
activator-like nucleases (TALENs), zinc finger nucleases (ZFNs), and clustered regularly inter- 
spaced short palindromic repeat (CRISPR)/CRISPR-associated nuclease 9 (Cas9), which are been 
widely used in HIV-1/AIDS treatment studies. 

In principle, ZFNs and TALENs fuse DNA nuclease and DNA-binding domains together to break 
DNA at specific loci, while Cas9 nucleases work with guide RNA to break DNA at specific loci. 
Both ZFNs and TALENS techniques have significant applications and studies in HIV/AIDS preven- 
tion and therapy. [22-25]. Compared to the initial CRISPR/Cas9 system in bacteria, the current 
CRISPR/Cas9 system has been simplified, modified, and adapted for mammalian genome editing 
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and bioengineered for better nucleus localization and mammalian cell expression The current 
CRISPR/Cas9 system includes a single guide RNA (sgRNA) consisting of crRNA and tracRNA and 
Cas9, which excises the target DNA. [20, 26, 27]. 

Cas9 is a nuclease of 1,368 amino acids, with two nuclease activity domains named HNH and 
RuvC. [59, 64-66] Each domain can cleave a DNA strand directed by a sgRNA complementary to 
the target DNA sequence (generally 20 nucleotides long). The prerequisite to be a target sequence 
is the presence of an NGG sequence (N: any nucleotides; G: guanine nucleotide, also called proto- 
spacer adjacent motifs (PAMs)) downstream (3’ end) of the target site. [59,64—66] In the nucleus, 
Cas9, sgRNA and target DNA form a complex. Then, HNH and RuvC domains each cleave a DNA 
strand [28-30]. The double strand DNA breaks are subsequently repaired by two different strategies. 
One is non-homologous end-joining (NHEJ) when there is no template, and the other is homology- 
directed repair (HDR) when there is a homologous nucleotide template present, such as ssDNA or 
dsDNA. (Figure 7.1). 

Such DNA template must carry homology sequences to the regions that flank the Cas9 excision 
site. When the two homologous regions flank an accurate sequence, this may be used as a template 
to ‘repair’ the genomic sequences. NHEJ usually cause an insertion or deletion in DNA sequence, 
in total called indel, while HDR leads to correct repair as directed by the template. [31] CRISPR/ 
Cas9 system can even be employed in biological functions aside from gene-editing. as an example, 
catalytically inactive Cas9 (i.e., dCas9 has no active nuclease domains, so is often applied to be a 
site-specific DNA-binding factor) [32]. The fusion protein of dCas9 and transcription activator or 
repressor domain are often utilized to regulate gene expressions [32, 33]. In summary, CRISPR/ 
Cas9 system could be a fully developed, multifunction gene-editing and regulating system that has 
unlimited potential. RISPR/Cas9 technology cannot only mediate gene editing effectively, but can 
also exhibit biological functions. Mutation of Cas9 in two nuclease domains induces inactive Cas9 
(dCas9), which is employed as locus-specific DNA-binding protein [16]. 

This dCas9 fused with a transcription activator or repressor domain can regulate gene expres- 
sion. [17]. Moreover, other gene editing technologies, like CRISPR/Cpf1, single RNA-guided endo- 
nuclease without tracrRNA, and CRISPRCas 13a/C2c2, an RNA-guided RNA-targeting effector that 
induces siRNA cleavage, are developed supporting the muse of CRISPR/Cas9 technology [18]. 
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A study on trial with ZFN mediated C-C chemokine receptor type five (CCR5) editing in 
autologous CD4 T cells had been successfully tried in HIV-1 infected patients, which showed that 
ZFNs-CCR5 modification is also effective and safe in human AIDS therapy [19, 23]. CRISPR/ 
Cas9 application in HIV-1/AIDS therapy, thanks to the costly and time-consuming construction of 
TALENSs and ZENS, the latest gene-editing technique, CRISPR/Cas9 has been developed rapidly 
with the benefits of precise insertion, deletion, and replacement of target DNA sequences [34]. The 
primary CRISPR/Cas9 application within the prevention of HIV-1 infection was performed in 2013 
by disruption of latent HIV-1 provirus [21]. From then on, numerous studies on HIV-1/AIDS gene 
therapy by CRISPR/Cas9 technology are reported. Therefore, CRISPR/Cas9 could be a powerful 
gene editing tool, with unlimited potential in biomedical research field. 


7.3 APPLICATION OF CRISPR/CAS9 SYSTEM TO HIV/AIDS PREVENTION AND 
TREATMENT 


CRISPR/cas9 technology has been widely applied in HIV1/AIDS research using experimental labo- 
ratory adapted HIV1 strains within the past few years due to its characteristics of straightforward, 
high efficiency, and limited off-target effect [35]. The targets include HIV-1 genome (Table 7.1) and 
host factors (Table 7.2) as explained. 


7.3.1 INACTIVATION AND ELIMINATION OF HIV-1 Provirus BY CRISPR/CAs9 TECHNOLOGY 


The main obstacle for HIV/AIDS treatment is efficient targeting of latent viral reservoirs. HAART 
can control HIV-1 replication in patients, but it cannot completely eliminate the provirus in resting 
CD4+ T cells, leading to the steadiness of latent viral reservoirs for several years [12]. 

In early studies, researchers used Tre-recombinases to specifically target HIV-1 LTR, which 
resulted within the excision of HIV-1 provirus in HeLa cells [51]. In a study, the researchers gener- 
ated ZFNs to target TAR region in HIV-1 LTR, which led to efficient cleavage of integrated HIV-1 
proviral DNA in Jurkat T cells and also the latent cell line C11 [52]. The CRISPR/Cas9-based 
approach was first tested in HIV1/AIDS treatment in 2013. Researchers have successfully used 
CRISPR/Cas9 to suppress the expression of HIV-1 genes in Jurkat cell lines by targeting HIV-1 
LTR. The target sites were the NF-KB binding cassettes located within the U3 region of LTR and 
TAR sequences in R region, respectively. 

This resulted in efficient inhibition of HIV-1 provirus transcription and replication [21]. More 
importantly, it also showed that CRISPR/Cas9 could eliminate internal integrated viral genes from 
the infected host cell chromosome, which suggested that CRISPR/Cas9 is also a possible tool for 
HIV-1/AIDS treatment [21]. Soon afterwards, research on excision of HIV-1 genome via CRISPR/ 
Cas9 was conducted [36]. They used Cas9/gRNA to focus on conserved sites in the HIV1 LTR U3 
region, leading to inactivating viral gene expression and restricting virus replication in an exceed- 
ingly HIV-1 latently infected T cell line, pro-monocytic cell line, and microglial cell line with little 
genotoxicity, and no detectable off-target editing. It has also been demonstrated that targeting mul- 
tiple sites of the HIV-1 genome could increase the efficiency of excision and disruption of non- 
integrated proviral genome [37]. additionally, combination of two effective sgRNAs to focus on 
different regions of the HIV genome could prevent viral replication and escape [40]. 

Recently, it had been demonstrated that Staphylococcus aureus Cas9 (SaCas9)/gRNAs in an 
all-in-one lentiviral vector could excise latent HIV-1 provirus and suppress provirus reactivation. 
Moreover, the combined SaCas9/gRNAs was observed to exhibit higher efficiency in disrupting 
the HIV-1 genome than single sgRNA mediated SaCas9 editing. Mutational inactivation of HIV-1 
provirus by single sgRNA induced CRISPR/Cas9 editing has also been reported [39]. While target- 
ing the LTR sequence and essential genes for viral replication by single sgRNA, the HIV-1 provirus 
was found to be inactivated by mutation of the target site. Thus, the virus can escape single gRNA 


TABLE 7.1 
CRISPR/cas9 Systems Target HIV-1 Provirus for Excision and Elimination 
Targeting 
CRISPR Cas Delivery Target Region Cell Type/Organism Locus Target Sequence 
Sp Cas9 Transfection LTR (U3 region) 293T, Hela, Jurkat 465-484 GTTAGACCAGATCTGAGCCT 
Sp Cas9 Transfection LTR (U3 region) CHME5, TZM-BI, 101-127 GCCAGGGATCAGATATCCACTGACCTT 
U937 312-341 GAGTACTTCAAGAACTGCTGACATCGAGCT 
Sp Cas9 Lentivirus LTR (R region)  293T-CD4-CCR5, 464-486 GGTTAGACCAGATCTGAGCCTGG 
293 Primary T cells, 485-507 GGGAGCTCTCTGGCTAACTAGGG 
hPSC 
Sp Cas9 Transfection Rev (the second  JLat10.6 8513-8532 GGTGGTAGCTGAAGAGGCAC 
exon) 
Sp Cas9 Lentivirus Gag/Pol/Rev/ SupT1 2249-2277 TCAGATCACTCTTTGGCAGCGAC 
Env 8497-8525 GTGCCTCTTCAGCTACCACCGCT 
Sp Cas9 Lentivirus LTR (U3 andR J.Lat FL,SupT1 300-408 GCCACTCCCCAGTCCCGCCC 
region) 463-482 GCTCAGATCTGGTCTAACCA 
Sa Cas9 Lentivirus LTR and gag Tg26 transgenic 83-103 GCAGAACTACACACCAGGGCC 
AAV (U3 region) mouse 380-399 GTGTGGCCTGGGCGGGACTG 


1061-1081 GGATAGATGTAAAAGACACCA 


Efficiency 
(%) 


30-90 
30-90 


20-90 


30 
30-90 
35-98 


20-80 
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TABLE 7.2 


CRISPR/Cas9 Systems Target Co-Receptor CCR5 or CXCR4 and Restriction Factors 


CRISPRCas9 


SpCas9 
SpCas9 
SpCas9 


SpCas9 


SpCas9 


SpCas9 


SaCas9 


SpCas9 


Delivery 


Transfection 
Transfection 


Lentivirus 
Lentivirus 
Adenovirus 
Transfection 
Lentivirus 


Lentivirus 
AAV 


Lentivirus 


Target Gene/ 
Restriction 


Factors 


CCRS 
CCRS 
CCR5 


CCRS 


CCRS 


CXCR4 


CXCR4 


Restriction 
factors 


Restriction 
factors 


Cells 


K562 
iPSC 
TZM-BI, CEMss, 


TZM-BI, CHO, 
C8166, primary 
CD4+ T 

K562, CD34+ 
HSPC 

Ghost, Jurkat, 
primary CD4+ T 

TZM-BI, Ghost, 
Jurkat, primary 
CD4+ T 

293T, CEMss 


Strategy 


Disruption 
CCRS5132 


Disruption 


Disruption 


Disruption 
Disruption 


Disruption 


APOBEC3G(A3G) 
and 
APOBFC3B(A3B) 

SERINC, HUSH, 
NONO 


Target Sequence 


TGACATCAATTATTATACAT 
GATACAGTCAGTATCAATTC 
GCTTGTGACACGGACTCAAG 
GGTCCTGCCGCTGCTTGTCA 
GTAAACTGAGCTTGCTCGCT 
TCACTATGCTGCCGCCCAGT 
CAATGTGTCAACTCTTGACA 


ACTGGGCGGCAGCATAGTGA 
CCCAGAAGGGGACAGTAAGA 

GCTTCTACCCCAATGACTTG 
GTTCCAGTTTCAGCACATCA 

CCTGGTATTGTCATCCTGTCC 
TCCTGCTATTGCATTATCATC 


Efficiency (%) 


13 
33-100 
10.8-67.7 


32-75 


19-46 
10-45 


8.5-80 


50-90 
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mediated cleavage. This viral breakthrough may be alleviated by a combinatorial CRISPR/Cas9 
gene-editing approach [40]. 

In a study, the researchers used CRISPR/Cas9 target LTR of provirus in HIV-1 latently infected T 
lymphocyte lines. Sequencing analysis demonstrated mutations occur at each target site, leading to 
reduction of viral gene expression and viral production while on tumor necrosis factor alpha (TNFa) 
treatment [38]. Several studies also performed targeting on incoming virus by CRISPR/Cas9 sys- 
tem. They confirmed that dual sgRNAs have higher cleavage efficiency on a non-integrated HIV-1 
reporter plasmid than single sgRNA [39, 40]. 

Recent work also suggested that CRISPR/Cas9 could cleave the non-integrated HIV-1, leading 
to a 3-4-fold reduction of integrated HIV-1 provirus. Surprisingly, the NHEJ mediated DNA repair 
mechanism also responds for the non-integrated HIV-1 provirus. Thus, the CRISPR/Cas9 functions 
in both HIV-1 and proviral DNA in latent cells, of which makes it more potential and promising in 
HIV-1/AIDS treatment. Excision of HIV-1 proviral DNA in animal models was reported in 2017 [41]. 

Researchers demonstrated the feasibility and efficiency of disrupting HIV-1 provirus using an 
all-in-one adeno-associated virus (AAV) combined with multiplex sgRNAs and SaCas9 in three dif- 
ferent animal models. Quadruplex sgRNA/SaCas9 AAV-DJ/8 intravenously injected into Tg26 mice 
could cleave HIV-1 proviral DNA and significantly reduce virus replication. Additionally, after intra- 
venous injection of quadruplex sgRNA/SaCas9 AAV-DJ/8 in humanized bone marrow/liver/thymus 
(BLT) mice infected with HIV-1, the cleavage of provirus was detected in brain, colon, spleen, heart, 
and lung. this method could also inhibit HIV-1 replication in Eco-HIV acutely infected mice [41]. 
This successful application of excision and elimination of HIV-1 proviral DNA by SaCas9/gRNA in 
vivo delivered via AAV lays the basis for the planning of clinical trials in humans. 


7.3.2 DISRUPTION OF Co-RECEPTORS CCR5 AND CXCR4 Bv CRISPR/Cas9 TECHNOLOGY 


For targeting HIV-1 genome, CRISPR/Cas9 technology also can be utilized to block HIV-1 entry 
by editing of co-receptors. HIV-1 enters host cells through binding to the CD4 receptor and CCR5 
or CXCR4 co-receptors [53]. As CD4 is critical for a functional system, disruption of CD4 is an 
unadvisable strategy in preventing HIV-1 infection. It has been reported that individuals with a 
homozygous 32-bp deletion of the CCR5 gene (CCR5132) could live healthily and resist R5-tropic 
HIV-1 infection naturally [54]. 

Transplantation of CCR5132 HSPCs to a patient with acute chronic myelocytic leukemia (AML) 
and HIV-1 infection accidently prevented HIV-1 replication and rebound to this point [55]. This is 
often an encouraging case, but because of the few homozygous CCR5132 donors, broad application 
of this strategy to HIV-1/AIDS patients is significantly limited. Therefore, co-receptors CCR5 and 
CXCR4 become the potential targets for HIV-1/AIDS gene therapy. Gene editing of CCR5 by ZFNs 
has been successfully employed in CD4+ T cells and CD34+ HSPCs, which could resist HIV-1 
infection [56]. The studies have been conducted for disruption of CCR5 through ZEN delivered 
by adenoviral vector in CD4+ T cells from HIV patients and reinfused autologously after ex- vivo 
expansion, resulting in significant decrease of HIV DNA and RNA to undetectable levels in most 
patients [23]. This important trial (NCT00842634) was followed by additional studies showing that 
CCR5-modified cells may well be detected in HIV-1 patients for several months [23]. For the other 
co-receptor, CXCR4 could even be modified by ZEN to resist to X4-tropic HIV-1 infection [57]. 
While, simultaneous editing of CXCR4 and CCR5 by ZEN in Sup T1-R5 and primary CD4+ T cells 
was also reported. Interestingly, the in vivo study showed a significant survival within the presence 
of HIV-1 infection in an NSG mouse transferred with modified primary CD4+ T cells compared to 
the unmodified cohort [58]. Compared with ZFN technology, the CRISPR/Cas9 approach provides 
appropriate target sites with simple design and plasmid construction. CRISPR/Cas9 has been widely 
employed in disrupting CCR5 and CXCR4 expression. 

The observations during a study showed that silencing of CCR5 by CRISPR/Cas9 is often suc- 
cessfully achieved in human embryonic kidney (HEK) 293T cells by transfecting Cas9 and sgRNAs 
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[42]. Not long ago, researchers conducted a combined CRISPR/Cas9 or TALENs with the piggy- 
Bac technology to perform the homozygous CCR5132 mutation in induced pluripotent stem cells 
(iPSCs) seamlessly. These CCR5-modified iPSCs could normally differentiate into monocytes/mac- 
rophages, which were resistant against HIV-1 infection [43]. The studies also used adenovirus-deliv- 
ered CRISPR/Cas9 combined with sgRNAs targeting the fourth exon of CCR5 to disrupt CCR5 
expression. Two specific sgRNAs can induce 60% cutting efficiency in TZM-BL cells. The results 
were also confirmed in a Chinese hamster ovary (CHO) and human T cell lines. Finally, they used a 
chimeric Ad5/F35 adenovirus vector to deliver the CRISPR/Cas9 system to human CD4+ T cells to 
silence CCR5 expression, which protected cells from HIV-1 infection with high efficiency and small 
off-target effects [44]. Another study used the CRISPR/Cas9 system to focus on the CCRS5 gene in 
human CD34+ HSPCs and achieved long-term CCR5 disruption in vivo, which resulted in inhibi- 
tion of HIV-1 infection. Silencing of CCR5 expression was stable within the secondary repopulating 
hematopoietic stem cells (HSCs), which provides a basis for the long run of developing an HIV-1/ 
AIDS cure for clinical application by transplanting CCR5-modified HSCs [45]. 

Meanwhile, several studies have reported CXCR4 gene disruption by CRISPR/Cas9. Some 
researchers efficiently disrupted CXCR4 expression in human CD4+ T cells and rhesus macaque 
CD4+ T cells using CRISPR/Cas9 delivered by lentivirus and two sgRNAs that specifically target 
CXCR4 conserved sequences. Reduced p24 production was observed within the human CXCR4 
knockout (KO) CD4+ T cells after infection with X4-tropic HIV-1, which interprets that CKCR4- 
modified cells resist HIV1 infection. Moreover, CXCR4-edited CD4+ T cells by CRISPR/Cas9 
behaved normally in propagation and there was no detectable off-target effect and toxicity in CD4+ 
T cells [46]. 

Other researchers also disrupted CXCR4 expression by Cas9/gRNA ribonucleoprotein (Cas9 
RNPs) in human CD4+ T cells, which reduced about 40% of CXCR4 expression on the cell surface. 
When given a repair template, the cellular repair machineries can lead to the required modification 
in human T cells. Although the CRISPR-Cas9 induced NHEJ process was a stochastic event, the 
deep sequencing revealed the knocking efficiency up to twenty percent [59]. 

Further, a Staphylococcus aureus (SaCas9), which is 1 kb shorter compared to SpCas9, was uti- 
lized to disrupt CXCR4 in human primary CD4+ T cells delivered by AAV and guarded cells from 
HIV-1 infection with low toxicity and small off-target effects [60]. As CXCR4 and its ligand CXC12 
(SDF-1) play pivotal roles in hematopoietic cells development and thymic differentiation [61]. It 
is important to consider the safety and side effects of clinical application by targeting CXCR4 in 
HSPCs. However, CXCR4-deficient human T cells remain functional in a mouse model. The fact 
that we also used CRISPR-Cas9 and piggyBac recombinant technologies to make a CXCR4 P191A 
mutant with HIV-1 infection inhibition function and without deficiency of CXCR4 function [62, 63] 
means it is possible for CRISPRCas9 editing of CXCR4 in human mature post-thymic CD4+ T cells 
for the purpose of HIV-1/AIDS therapy. 


7.3.3 REACTIVATION OF LATENT HIV-1 Virus By CRISPR/CaAs9 TECHNOLOGY 


To eradicate latent HIV-1 reservoirs, it is necessary to reactivate dormant virus within the host cells 
and induce cell killing by HAART and activation of antiviral immune responses. This strategy is 
thought of as “shock and kill” [8, 11]. Several drugs are shown to reactivate viral gene expression, 
like the histone deacetylase (HDAC) inhibitor [64], which introduces the acetylation and remod- 
eling of chromatin, thus leading to the enhancement of HIV-1 RNA expression within the latent 
reservoirs. The drugs only induce the transcription of latent HIV1 in cells, but don’t kill the virus or 
cause necrobiosis [33, 47]. 

The combination use of latent reversing agents (LRAs) might overcome several side effects in 
patients under HAART and cause a much better efficiency of purging the HIV-1 latent reservoir 
[65]. However, this approach might not be ready to target all viral reservoirs, and so might not be 
very efficient. Considering the important side effects observed in patients treated with HAART 
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and/or HDAC inhibitors, additional strategies to reactivate HIV-1 reservoirs have to be developed. 
The CRISPR/Cas9 technology could also be a possible tool for the activation of latent HIV-1 viral 
reservoirs. [66] 

Many researchers have used deficient Cas9 (dCas9) fusion protein combined with sgRNAs spe- 
cific to effector domains of target DNA sequences to activate or repress gene transcription [16, 
17]. The catalytically inactive dCas9 fused with transcription activator domains can activate viral 
gene expression in HIV-1 latent reservoirs, which can improve the “shock and kill” strategy. Some 
researchers designed 20 sgRNAs to focus on the LTR-U3 region of HIV-1 promoter and screened 
two target sites located near or at NF-«B binding sites with high specificity and efficiency. Those 
specific target sgRNAs could induce reactivation of HIV-1 provirus in HIV-1 latent cell lines like 
TZM-BI epithelial cells, CHMES microglial cells, and Jurkat T lymphocytic cells. They also found 
that this reactivation could induce suicide death in CHMES microglial cells and Jurkat T lympho- 
cytic cells, but not in TZM-B1 because of the buildup of toxic viral proteins, with no effect on the 
non-reactivated cells. [47, 67] 

Researchers also designed 23 sgRNAs to focus on the LTR U3 region of HIV1 provirus and 
located the robust activation sites also near NF«B binding sequences. This activation system worked 
more efficiently than latency reversing compounds like SAHA and prostratin in numerous latent 
T cells models [68]. The 7 sgRNAs has been designed to focus on the key functional elements of 
HIV-1 LTR, including U3 region, NF-KB and Sp! binding sites, R domain, and U5 region. All 7 
sgRNAs could induce gene activation from HIV-1 LTR promoter and only two sgRNAs, overlap- 
ping with the NF-«B binding sites and transactivation response elements, significantly stimulated 
latent HIV-1 gene expression. Moreover, combining latency breaking reagents, including prostratin 
and SAHA, with CRISPR activators could increase latent HIV-1 re-activation. Therefore, CRISPR/ 
Cas9-mediated activation of viral transcription may provide an alternate approach to focus on and 
activate viral gene expression in latent HIV-1 reservoirs. [69] 


7.3.4 REACTIVATION OF Host RESTRICTION FACTORS DuRING HIV-1 INFECTION 


Several proteins in mammalian cells function as restriction factors during infection by HIV-1 and 
other viruses. However, these host factors are often weakly expressed in infected cells. Simultaneous 
activation of the expression of restriction factors may represent an alternate strategy to stop HIV-1 
replication. The Cas9-based approach has been utilized to induce the expression of the restriction 
factors APOBEC3G (A3G) and APOBFC3B (A3B) in human cells. They also found that using 
two sgRNAs had higher efficiency than single sgRNA, and both activated proteins could block 
Vif-deficient HIV-1 infection by inducing dC residues to dU residues (dC-to-Du) editing of HIV-1 
genome [70]. However, studies on the applying of CRISPR/Cas9 technology in activating cellular 
host factors to inhibit HIV-1 infection are very limited. 

Recently discovered restriction factors, like serine incorporator five (SERINCS) [48], human 
silencing hub (HUSH) [32], and NONO [49], could also be new targets to be considered for this 
application. SERINCS inhibits viral infection by preventing virus and cell fusion. The HIV-1 acces- 
sory protein Nef counteracts the function of SERINCS by redirecting it to a Rab7-positive endo- 
somal compartment, thus preventing its incorporation in newly generated virions. [48]. The HUSH 
complex, composed by TASOR, MPP8, and periphilin, may be degraded by the viral protein Vpxvia, 
a DCAF 1-dependent proteasomal pathway in primary T cells and HIV-2 infected cells [32]. 

It is often also observed that the HUSH complex can be degraded by Vpx and Vpr from HIV-1, 
HIV-2, and SIV to counteract HUSH-induced repression of provirus transcription [50]. The studies 
suggested that the HUSH complex could be a critical host factor in HIV infection. NONO has been 
identified as a capsid-binding factor for Cyclic GMP-AMP synthase (CGAS)-mediated immune acti- 
vation in macrophages and dendritic cells after HIV-1/2 infection employing a two-hybrid yeast 
screening. NONO directly interacted with HIV-1/2 capsid proteins to extend DNA sensing medi- 
ated by cGAS, but had little effect on HIV infection, which suggest the important role of NONO in 
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cGAS-mediated immune activation after infection with HIV [49]. Since these representative restric- 
tion factors can inhibit HIV infection via different mechanisms, the CRISPR/Cas9 technology may 
be utilized to simultaneously activate their expression in infected cells so as to focus on different 
phases of the viral life cycle. 

This approach may provide new strategies for the treatment of HIV-1 infection, and more efforts 
are needed to further develop this toolset. Activation of host restriction by CRISPR/Cas9 is typically 
delivered by lentivirus with high transduction efficiency and simple virus production. Additionally, 
specific sgRNAs are essential for the activation of the target gene. Two sgRNAs will enhance the 
expression of the target gene by increasing the target specificity to assure the entire activation of 
gene promoter [70]. 

As the restriction factors act on HIV-1 at different stages within the life cycle, and therefore the 
expression of some restriction factors is merely induced by infection, better understanding of the 
molecular mechanisms of HIV-1 counteraction with restriction factors will provide more options 
and rationale for the look of CRISPR/Cas9. Additionally, several restriction factors have dual func- 
tions in immunomodulation and different expression levels in various cells, which makes its more 
complex within the activation of gene expression by CRISPR/Cas9. However, the enforced long- 
term activation of restriction factors expression has side effects in vivo and desires further inves- 
tigation. For instance, the virus restriction factor APOBEC3G, which is induced by IFNs, has an 
antiviral effect on HIV-1 and HBV. These are different expression levels in various cells. But their 
activated expression in several cells over an extended period of your time isn’t bound to exhibit 
deleterious effects in vivo just because it has not been reported at the present. [71] 


7.3.5 CRISPR/CAS9 System DELIVERY APPROACH 


The major challenge of curing HIV/AIDS lies within the persistence of multiple reservoirs in several 
drug-inaccessible parts of the physical body. Moreover, while current HIV/AIDS patients can take 
medications to suppress symptoms, the side effects of those drugs may contribute to high morbidity 
in these patients. The whole cure is the elimination or disruption of HIV provirus from the patient’s 
reservoir cells’ genomes or the elimination of patient reservoir cells. As stated above, gene-editing 
technology makes it possible to manipulate DNA at the cell genomic level. Since its discovery, 
CRISPPR/Cas9 system has been a premier tool in gene editing. 

As mentioned before, many experimental efforts and clinical trials are underway for the appli- 
ance of the CRISPR/Cas9 system for eradication of HIV/AIDS. The foremost substantive attain 
date that has been reported are ex vivo studies. Future efforts are going to be directed towards effi- 
cient delivery of CRISPR/Cas9 system components to latently infected cells. Currently, the delivery 
methods of the CRISPR/Cas9 system are divided into viral delivery and non-viral delivery. The 
CRISPR/Cas9 system is extremely flexible and may be delivered within the style of DNA, RNA, or 
protein/RNA complex. The foremost popular approach is that the DNA form, collectively or several 
plasmids, within the viral delivery methods, lentivirus, baculovirus8 1 and recombinant adenoassoci- 
ated virus (rAAV), are tried. [72, 73] 

Among these virus vectors, rAAV has the benefits of high safety, flexible administration routes, 
and low or no reaction, but it has the disadvantage of limited cargo size. The main administration 
approaches of rAAV include stereotactic injection, intranasal and intratracheal administration, IV 
Injection, intraperitoneal injection, and injection. Within the non-viral delivery approach, vectors 
like cationic polymer polyethyleneimine (PEI), liposomes, lipid nanoparticles, virus-like particles 
derived from bacteriophage, and self-assembled DNA nanoparticles are applied for the delivery of 
the CRISPR/Cas9 system. Since viral and non-viral approaches have relative advantages and draw- 
backs, some investigators started trying the combined approach. For instance, lipid nanoparticle- 
mediated delivery of Cas? mRNA has been combined with adeno-associated viruses encoding a 
sgRNA and a repair template. [74-78] 


Current Application of CRISPR/Cas9 95 


This delivery strategy successfully repaired a disease gene in an adult mouse model. Regardless 
of which delivery strategy is getting used, the emphases are biocompatible and targetable carriers, 
controllable reagents release, and low-invasive administration. As for HIV/AIDS eradication, so as 
to ascertain more efficient evaluation methods, HIV/AIDS primate models are the middle of the 
following phase of study. Drug brain delivery is the key for the eradication of the HIV reservoir 
in patients’ CNS systems. The obstacle for drug brain delivery of the CRISPR/Cas9 system is the 
existence of the blood- brain barrier (BBB). The tight junction between capillary endothelial cells 
blocks transportation of huge molecules, and only limited molecules with mass smaller than 400 Da 
and appropriate lipophilicity can cross. 

All large molecules and most of the little molecules cannot cross the BBB. Great efforts are made 
to enhance BBB permeability for therapeutic agents for the treatment of varied brain diseases and 
HAND. However, currently available procedures are mainly invasive, including intracerebroventric- 
ular (ICV) infusion and intra-cerebral injection. Although these approaches have shown successful 
disruption of the BBB, the invasiveness of the technique and also the risk of harm to the brain remain 
significant concerns. To beat these problems, the utilization of nanomaterials as drug delivery carri- 
ers to the brain has been gaining appreciation. [79] 

The most popular approach for brain targeting using nanomaterials is receptor-mediated tran- 
scytosis. The endothelial cells that form the BBB are known to specific receptors, including the 
transferrin receptor and insulin receptor. Ligand functionalized nanoparticles can promote efficient 
brain delivery through the binding of ligands to the receptors on endothelial cells. Various nanopar- 
ticles are developed for brain targeting using this receptor-mediated transcytosis, like transferrin, 
lactoferrin, monoclonal antibody-conjugated liposomes, polymer nanoparticles, gold nanoparticles, 
and iron oxide nanoparticles. Magnetic targeting is another approach to boost BBB transmigration 
of nanoparticles. 

There is important progress in brain delivery using magnetic nanoparticles and magneto-electric 
nanoparticles. Magnetoelectric nanoparticles are used as carrier molecules, which could cross the 
BBB and mediate controlled release of the loaded drugs. These nanoparticles were ready to cross 
the BBB using magnetic attraction induced on the nanoparticles by the magnetic field gradient. So 
far, these nanoparticles haven’t been applied to the delivery of the CRISPR/Cas9 system, nor have 
they been fully tested in animal models. However, the potential for these nanoparticles to deliver the 
CRISPR/Cas9 system and target the HIV reservoir in the brain seems high because of the nanopar- 
ticles’ capacities of specific targeting, crossing the BBB, constant or controlled release, and non- 
invasive application. [80-87] 


7.4 CONCLUSION 


Currently, HAART remains the key strategy for treatment of HIV-1/AIDS patients within the clinic. 
It can reduce HIV-1 to an undetectable level and make AIDS a chronic disease. Recently, broadly 
neutralized antibodies showed promising results but still have an extended path to transfer from 
bench to bedside. With the development of gene editing technologies, like ZFN, TALEN, and 
CRISPR/Cas9, more and newer work focuses on using these new strategies to eliminate the virus 
in patients. ZFN, with the dimensions of ~1 kb, is simpler to deliver. Nevertheless, the limitation 
of the target site and high off-target effects make it difficult to be applied within the HIV-1/AIDS 
gene therapy field. TALEN is more flexible in DNA target design and has lower off target effects 
compared with ZFN. However, the time-consuming and expensive construction of the recognition 
site of TALEN for a DNA target hampers the event of this gene editing tool. For CRISPR/Cas9, with 
more convenient and efficient design of target sites, less laborious vector construction, and limited 
off target effects, it may be applied quickly in every research field, not only in HIV-1/AIDS therapy. 

For different target DNA, it needs only a change of sgRNA to search out the foremost effective 
site. although the big size of SpCas9 decreases the efficiency of delivery, the optional SaCas9 will 
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overcome this limitation to some extent. The CRISPR/Cas9 system is indeed a promising gene edit- 
ing tool applied in gene therapy fields, however, the high target efficiency and effective delivery are 
essential for successful application in trial. Moreover, the low off-target effect and safety must be the 
prerequisites of consideration. The research concerning successful application of gene editing tools 
in vitro and mouse models to inhibit HIV-1 infection allows clinical trials to be true. ZFN had been 
utilized in clinical HIV-1/AIDS therapy and completed with promising results. 

Disruption of CCR5 by ZEN in autologous CD4+ T cells provided long-term HIV-1 resistant 
when reinfusing these cells into patients. Another clinical test about ZEN gene-editing of CCR5 in 
HSPCs followed autologous engraftment were conducted in 2015. This phase I clinical trial study 
will run to 2019 to estimate the potential of CCR5-disrupted HSPCs in HIV-1 resistance in AIDS 
patients. The CRISPR/Cas9 mediated run was first conducted in 2016. The modified human T cells 
were reinfused into a person with metastatic non-small cell carcinoma, which is meant to own a 
promising result. 

Therefore, gene editing of autologous HSPCs provides an option for resistance of HIV-1 infec- 
tion within the future. For the successful editing of HSPCs by CRISPR/Cas9 in HIV-1/AIDS treat- 
ment, it’s important to style and screen effective sgRNAs to scale back the off-target effects. The 
security and delivery efficiency of CRISPR/Cas9 to HSPCs also need consideration, since long run 
expression of Cas9/sgRNA may induce non-specific injury to the host genome and immune reac- 
tion. For the gene editing therapy in clinical treatment, the ethics of animal and human experimenta- 
tion and therefore the rationale are always the first consideration before its application. 

Recently, the birth of gene-edited babies in 2018 has aroused widespread criticism around the 
scientific fields. This is the time that the CCR5 gene edited by CRISPR-Cas9 human embryos were 
implanted into women to have HIV-1 resistant babies. This work would make a permanent change to 
the germ line, which might be passed on to the longer term generations. Obviously, this experiment 
didn’t meet the moral guideline concerning germline and embryo editing. Additionally, it lacks the 
rationale to switch CCR5 in human embryos, since HAART can inhibit HIV-1 replication. Also, the 
experimental couple can have a healthy baby. For HIV-positive mothers, cesarean delivery can pro- 
tect babies from HIV infection. Even an HIV-positive father would not have any risk to transmit to 
the babies. Moreover, a CCR5 edited baby cannot resist all HIV strains, since the virus can evolved 
to utilize CXCR4 as an alternative co-receptor. Finally, CRISPR/Cas9 technology has limitations 
in application, like off-target effects. The safety of heritable germline editing should be monitored 
and evaluated. The side effects of permanent editing of the CCR5 gene haven’t been reported, yet 
some researches have showed that CCR5 deficiency increases the chance of symptomatic West Nile 
viral infection. 

The major obstacle to cure HIV-1/AIDS is the existence of latent reservoirs. The “shock and 
kill” strategy is meant to clear the HIV-1 reservoirs. Latency reversing agents (LRAs) are utilized 
to reverse HIV-1 latency. However, the dearth of specificity, and therefore the heterogeneous and 
dynamic nature of those drugs, make this pharmacologic strategy less safe and inefficient. CRISPR- 
based shock strategy with the characteristic of sequence specificity has advantages over pharma- 
cological strategies, but its potential drawbacks must be evaluated, like off-target effect and fewer 
efficient delivery methods. 

The low metabolic activity in HIV-1 latently infected cells also inhibits the function of CRISPR/ 
Cas9 reagents; however, the stimulation of specific cytokines and HIDAC inhibitors can enhance the 
CRISPR/Cas9 reagents mediated restricting of HIV-1 infection in latent cells. CRISPR/Cas9 tech- 
nology could be a powerful gene editing tool and has been widely applied in experimental HIV-1/ 
AIDS gene therapy researches. 

Moreover, this technology also has great potential to be applied in various areas, like medical 
screening and gene ontology analysis. Its emergence brings hope for 36.9 million individuals with 
HIV-1 infection, but it’s worth noting that the negative effects like off target and viral escape must 
be considered. Therefore, successful cure of HIV-1/AIDS still has a great distance to travel. 
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Clinical trials of CRISPR/Cas9 in HIV-1 treatment remains a challenge, and ethics should be put 
in first place. The restrictions and difficulties of this technology suggest that several aspects must be 
improved for future applications: (1) Exploration of recent vehicles to deliver CRISPR/Cas9 com- 
pound safely and effectively; (2) For activating the latent viral reservoirs by CRISPR/Cas9, several 
specific agents will be combined to boost immune responses to eliminate the virus; (3) Design spe- 
cific sgRNAs and explore new strategies to decrease off-target effects; (4) Understanding the precise 
mechanism of the CRISPR/Cas9-induced effects is critical for the adoption of simpler strategies (5) 
and to focus on optimization of animal models of HIV1/AIDS. The mix of the CRISPR/Cas9 tech- 
nology with other strategies may help overcoming these limitations, thus resulting in exciting and 
promising progress within the HIV1/AIDS field. 
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8.1 INTRODUCTION 


RNA interference is a process of RNA degradation in which RNA molecules induce degradation of 
corresponding messenger RNAs (mRNA), thus blocking the expression of protein synthesis. This 
process is also called RNAi [1]. RNAi is initiated by exposing cells to long dsRNA via transfection 
or endogenous expression. dsRNAs proceed into smaller fragments of (usually 21—23 nucleotide) of 
small interfering RNAs, which further form a complex with the RNA induced silencing complexes 
[2]. Introduction of siRNA into mammalian cells causes downregulation of target genes without 
triggering interferon responses [3]. Moreover, siRNA based therapeutic application has shown a 
great potential to combat diseases such as various cancers, viral infections, and genetic disorders [3]. 
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Over the past decades, a tremendous effort has been made toward efficient delivery of siRNA in the 
biological systems [1, 2]. The major obstacle of siRNA application is its polar nature. They don’t 
readily pass through the cell membrane, due to their size and negative charges. Several approaches 
have been implemented to enhance the efficiency of siRNA to reach the desired site. Among the 
several strategies cationic liposomes-based carrier systems are considered as a promising tool in cel- 
lular delivery of siRNA [4]. However, many problems associated with lipid based siRNA delivery, 
such as rapid clearance by the liver, lack of target tissue specificity, instability, aggregation, and pre- 
cipitate out of siRNA. Nonviral gene delivery systems are highly attractive in gene therapy because 
they are relatively safe and easier to produce than the viral vectors. Various side effects are arising in 
viral carriers, such as insertional mutagenesis and immunogenicity. Currently, nanotechnology has 
made significant advances in siRNA based formulation with efficient therapeutic activity. Different 
kinds of nanoparticle based siRNA delivery are extensively studied, such as lipid complexes, conju- 
gated polymers, cationic polymers, and inorganic nanoparticles [4]. 


8.2 MECHANISM OF GENE SILENCING 


The gene silencing mechanism is initiated by the RNAi process in which the enzyme dicer cleaves 
the double stranded RNAs into short double-stranded siRNAs of 21 to 25 nt [5]. The siRNA pas- 
senger strand is then unwound, and the guide strand of siRNA is loaded into the RNA-induced 
silencing (RISC) complex paired with the mRNA complementary sequence, causing cleavage of 
target mRNAs by Argonaute 2 (Ago2) (Figure 8.1). This important mechanism has allowed to open 
novel therapeutic approaches by designing oligonucleotide molecules through using mRNA tran- 
scripts sequences found in the existing human genomic data. Therefore, a careful sequence selection 
and synthesis of tailored siRNAs may have enormous repercussions in therapy, as almost all genes 
might be down-regulated, while splice variants, separate transcripts, or mutations might also be 
specifically targeted. As a consequence, this powerful approach might help circumvent the limita- 
tions exhibited by small molecule drugs in conventional cancer therapy treatments, leading to drug 
development processes based on gene functionality. Therefore, the development of this therapeutic 
strategy may have a high impact on modern medicine [5-7]. 

Recently, the potential application of RNA interference (RNAi) has drawn central attention in 
siRNA delivery. RNAi is the term given to the ability of a double- RNA-induced silencing (RISC) 
complex stranded RNA (dsRNA) containing a homologous sequence to a specific gene, leading 
to sequence-specific gene silencing [8]. RNAi is an endogenous post-transcriptional regulation 
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FIGURE 8.1 Mechanism of siRNA gene silencing. 
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process that consists of small regulatory RNAs, including microRNAs (miRNAs) or small interfer- 
ing RNAs (siRNAs) that are able to silence target messenger RNAs (mRNAs) in a sequence-specific 
procedure. After the discovery of RNAi in Caenorhabditis elegans and subsequent demonstration 
of siRNA activity in mammalian cells, RNAi has received considerable attention as an effective 
therapy for multiple diseases like cancer and viral infections, particularly for those diseases with 
“undruggable” molecular targets [9, 10]. 


8.3 NANOPARTICLES IN siRNA DELIVERY 


However various challenges have been reported, such as cellular uptake, long-term stabilities, 
and off-target effects. These issues have been observed in vitro and in vivo after testing in animal 
models. To overcome these limitations, nanoparticles have received much attention to stabilize the 
siRNA based therapeutic approaches. The current trends of siRNA based nanoparticles under clini- 
cal investigations are enlisted in Table 8.1. 


8.4 siRNA CONJUGATION WITH PEPTIDES OR POLYMERS (LESS THAN 


10 NM IN SIZE) 


Conjugation of small molecules, such as peptides or polymers, with the sense strands of siRNA pro- 
duces the smallest siRNA nanoparticles at 10 nm size [11]. Modification of sense strands of siRNA 
maintain the degradation effect on mRNA because the recognition of mRNA involves the antisense 
strand. Studies show that siRNA conjugation with CPPs and PEG has increased gene transfer in 


TABLE 8.1 
List of siRNA Based Nanoparticle Formulations in Clinical Trial 
Clinical 
Drugs Targeted Delivery Vehicles Diseases Trial Company 
siRNA-EphA2-  EphA2 LNP Late stage cancer I M.D. Anderson 


DOPC 


Cancer Center 


Lumasiranz Primary hyperoxaluria GAINAc-siRNA HAO1 M Alnylam 
type (PH1) conjugate pharmaceutical 
TKM-080301 PLKI LNP Multiple Cancers I National Cancer 
Institute (NCI) 
CALAA-O01 RRM2 Cyclodextrin NP Cancer Solid Tumor I Calando 
Pharmaceuticals 
RXi-109 CTGF Self-delivering Cicatrix scar prevention I RXi 
RNAi compound Pharmaceuticals 
DCR-MYC Lipid nanoparticles Myc Hepatocellular I Dicerna 
carcinoma pharmaceuticals 
Atu027 siRNA with 2’-O-Me Protein Kinase N3 Advanced solid tumors I Silence 
and Cationic lipid (PKN3) (metastatic pancreatic Therapeutics 
cancer) GmbH 
AMG890 Cardiovascular GALNac-siRNA LP I Amgen 
disease conjugate 
siG12D-LODER LODER® (Polymer) KRAS (mutation Solid tumors (advanced II Silenseed Ltd 
G12D in KRAS pancreatic cancer) 
oncogene) 
Onpattro TTR mediated GAL-siRNA conjugates Il Alnylam 
amyloidosis Pharmaceuticals 
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vivo. siRNA conjugated to cholesterol in sense strand are able to slice multiple genes in mice, 
including endogenous apolipoprotein B gene expression in the liver and jejunum and p38 mitogen- 
activated protein (MAP) kinase in the lungs [12]. In vivo gene silencing to hepatocytes was observed 
by siRNA modified with Long chain fatty acids (> C) and bile-salt derivatives. A similar effect 
was also produced by siRNA based dynamic polyconjugate, consisting of acid responsive polymers 
that contain PEG and a NAG targeting ligand. When these nanoparticles interact with the endosome, 
PEG is released due to acid responsive polymer targeting the ligand, making a hydrophilic to hydro- 
phobic transition, and resulting in endosomal disruption [13, 14, 15]. 


8.5 POLYETHYLENE AMINE AND CATIONIC BASED PEPTIDES AND PROTEINS 
(100 TO 300 NM IN SIZE) 


The degradation of siRNA could be further prevented by encapsulating it into the cationic polymer, 
such as poly (ethylene imine) PEI. This type of carrier system enhances the circulation time and 
targets specific tissues or cells. The positive charge of the polymer strongly binds with the negatively 
charged phosphate groups of siRNA, leading to formation of nanoparticles. Studies show that chem- 
ically modified PEI (e.g., PEI-PEG) and other polymers, such as cyclodextrin-containing polyca- 
tions, polylysine, and natural polymers such as chitosan, have proven the efficient delivery of siRNA 
to the targeted sites. However, cytotoxic effects of cationic polymers could be a major challenge to 
delivery of siRNA. Other large molecules, peptides, and proteins have drawn much attention to com- 
plexes with siRNA due to their less cytotoxic effect. Data reported that cationic peptide CADY and 
MPG-8 (a variant of MPG) can strongly bind with the siRNA. In addition, a CPP modified protein 
has strong affinity to the siRNA molecules, therefore are able to bind a strong complex, shield it 
from degradation, and efficiently deliver siRNA to various cell lines in vivo [14, 15]. 


8.6 CATIONIC BASED LIPID NANOPARTICLES (100 TO 300 NM IN SIZE) 


Several lipid-based transfection agents are commercially available and are being used in vivo to 
study the mechanism and effects of siRNA delivery in mammalian cells. These include jetSi-ENDO, 
Lipofectamine RNAiMAX, siPORT NeoFX, DharmaFECT, X-tremeGENE, and TriFECTin. 
DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane, and their in vivo siRNA delivery has been 
examined. Recently, a combinatorial library has been implemented for one by one screening and 
synthesis of cationic lipids for siRNA delivery. Lipidoid was developed for the efficient delivery of 
siRNA to the cells. It known as a combinatorial library of 1200 lipid like materials, which synthesize 
to primary or secondary amine with conjugation with alkyl-acrylates or alkyl-acrylamides. A num- 
ber of materials were identified to substantially improve silencing over delivery of naked siRNA in 
vitro and in vivo in mice, rats, and nonhuman primates [15]. 


8.7 NEUTRAL LIPOSOMES (<200 NM IN SIZE) 


siRNA based neutral liposomes are widely utilized to circumvent the potential toxicities of cationic 
polymers and lipids. They efficiently shield the siRNA from degradation, due to their hydrophobic 
surfaces and hydrophilic cores preventing the interaction with surrounding RNAses and facilitating 
internalization via membrane fusion or (receptor-mediated) endocytosis. Studies demonstrated that 
encapsulating siRNA between a cationic core composed of DOTAP and an outer lipid bilayer of 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol-2000) (PEG-DSPE) and 
egg phosphatidylcholine like sandwiches prolongs the circulation time after 20 hours of injection. 
Stable nucleic acid lipid particles, SNALPs, represented a major advancement in lipid-based siRNA 
delivery after injection of clinically relevant doses of ApoB-siRNA produced knockdown in the liver 
of non-human primates [13-15]. 
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FIGURE 8.2 Different types of nanoparticles. (a) siRNA based liposomes (b) siRNA based polymeric 
nanoparticles (c) siRNA based metallic nanoparticles. 


8.8 LIPOSOMES AND LIPOPLEXES 


Liposomes are phospholipid bilayers consisting of a hydrophilic core to encapsulate hydrophilic 
agents surrounded by hydrophobic surfaces (Figure 8.2a). This surface possesses good permeation 
effect to the biological membrane. The size and shape of the liposomes can be adjusted to enhance 
their effect, prolong blood circulation and high loading of active molecules. Due to their non-toxic, 
biocompatible, and non-immunogenic properties, liposomal carriers have attained a major focus in 
siRNA delivery. Polyethylene glycol (PEG)-coated liposomes, also called “Stealth” liposomes, are 
currently widely used in the delivery of therapeutic molecules because the polymer coated surface of 
the molecules provides better stability with increasing residence time in the circulation and reduces 
the uptake by the reticuloendothelial system (RES) and phagocytosis, which can decrease the quan- 
tity of active agents delivered to the target site. Several PEGylated liposomes have been recently 
investigated, such as Doxil®, DaunoXome®, DepoCyt®, and ONCO-TCS®. 
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FIGURE 8.3 (a) Chemical structure of cyclodextrins (b) overview of B cyclodextrin. 
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Polycationic liposomes are considered as a major vehicle for siRNA delivery because of their 
ability to entrap negatively charged siRNA through electrostatic interactions and form lipid com- 
plexes systems called lipoplexes. They synthesize by coating the liposomes with oppositely charged 
polymers. So far, many liposomal formulations have received FDA approval, and many more are 
currently in development or in clinical trials. 

Focusing on NSCLC, lipid-based nanoparticles play an important role in reducing the side effects 
of Cisplatin and improve the efficiency of the therapy. A randomized Phase III study on Lipoplatin 
in the treatment of NSCLC compared the results, responses, and toxicities of Lipoplatin + Paclitaxel 
versus Cisplatin + Paclitaxel used as a first-line treatment. Results of that study showed that there is 
an increase in tumor response rate in the Lipoplatin group (59.22%) compared to the Cisplatin group 
(42.42%), in addition to reducing the side effects of Cisplatin. 
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Another class of lipid-based nanoparticles are micelles that have a hydrophobic core filled with 
therapeutic agents and a PEG hydrophilic shell. Their distinguishing properties involve long blood- 
stream circulation, high binding specificity to target cells, and reduced side effects. Micelle formula- 
tions containing Doxorubicin, Paclitaxel, SN-38, Cisplatin, and Platinum II are undergoing clinical 
trials, with some advancing to Phase II studies. They have proved their effectiveness against various 
tumors and reduced side effects, making them promising for clinical use [13-15]. 


8.9 OTHER NANOPARTICLES 


While cationic polymers, lipids, and liposomes have been shown to efficiently deliver siRNA, 
researchers are still looking to develop new types of nanoparticles to overcome the numerous limita- 
tions posed by the delivery of siRNA. Hyaluronic acid (HA) nanoparticles, also known as nanogels, 
with encapsulated siRNA were able to target HCT-116 cells in vitro, which over-express HA-specific 
CD44 receptors. Depending on the engineered nanogel characteristics, the siRNA release rate was 
also regulated. siRNA has also been incorporated in poly(D,L-lactic-co-glycolic) acid (PLGA) and 
calcium carbonate nanoparticles [15]. 


8.10 POLYPLEXES 


The advantages of polymeric nanocarriers are that they are highly biocompatible, biodegradable, 
non-toxic in nature, and have outstanding controlled release character. Therefore, they offer a great 
platform for efficient delivery of siRNA. Currently, several natural and synthetic polymeric nanocar- 
riers (PNCs) with siRNA that have been developed offer a great platform to deliver drugs and genes 
with improved efficacy (Figure 8.2b). The polycationic polymer has emerged as one of the most 
promising candidates for developing an efficient gene delivery vector [16] 

Polymers are available from two different sources: natural and synthetic. The most commonly used 
natural polymers is chitosan (CS), poly(lactic acid-co-glycolic acid) (PLGA), atelocollagen, inulin. 
CS is a linear, natural, cationic, FDA (Food and Drug Administration) approved polysaccharide (a 
long chain of monosaccharide carbohydrate) composed of /-(1-4)-linked d-glucosamine (deacety- 
lated unit) and N-acetyl-d-glucosamine (acetylated unit) after being deacetylated from chitin.[17]. 

Chitosan has been widely investigated in both in-vitro and in-vivo systemic delivery of siRNA 
due to its nontoxic, biocompatible, and biodegradable properties [17]. In addition, it is highly used in 
delivery of therapeutic molecules because CS shows great ability to permeate the cell membrane. In 
one research, chitosan with amino acid-functionalized Arg-Gly-Asp (RGD) significantly enhanced 
the intratumor delivery of siRNA for regulation of many growth-promoting genes (PLXDC1, FAK, 
and POSTN). This activity was observed in A2780, HeyA8, and SKOV3ip1 orthotopic animal stud- 
ies of ovarian cancer. Besides natural polymers, synthetic polymers with nontoxic and biocom- 
patible properties, such as PLL, PEI, PEG, dimethylamino ethyl methacrylate, polyfluorene, and 
cyclodextrin-based polycations, are incorporated in siRNA formulations. These polymers are linear 
and branch and efficient to shield and deliver the siRNA to the targeted sites. They basically trans- 
port the active agents by a passive route. For increasing the delivery concentration of siRNA on 
specific infected cells/tissues by escaping the normal cells and tissues, different actively targeted 
molecules are attached to the surfaces of PNCs [17-20] 


8.11 NANOMICELLES 


Micelles are formed by self-assembly of surfactants, lipids, and aqueous insoluble polymers, and 
they also term as colloidal suspension. Amphiphilic molecules with hydrophobic tail and hydro- 
philic head having self-assembly properties create micelles upon contact with the aqueous solu- 
tions. The structure of micelles consists of an inner side containing a hydrophobic core letting the 
polar side remain on the outer side, providing a hollow spherical or cylindrical shape in the aqueous 
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medium [21-23]. Micelles accompanying anti-apoptotic Bcl-2 specific siRNA and an anti-cancer 
drug, docetaxel (DOX), showed efficient delivery of the drug and siRNA to yield a combined RNAi- 
chemotherapeutic benefit against hepatic cancer. Folic acid was conjugated with the surface of the 
micelles for a targeting ligand of hepatic cancer cells. PEG-pp-PEI-PE nanomicelles with siRNA 
and paclitaxel exhibits down regulation of GFP gene and survivin compared to free drug in a lung 
cancer cell line. In another study, siRNA loaded in PEGylated PEI-siRNA micellar nanoparticles 
shows high entrapment efficiency and long-term blood circulation of siRNA with good stability. The 
addition of polycationic PEI was used for high loading capacity of negatively charged siRNA inside 
the nanoparticles.[23] 


8.12  CARBON-BASED NANOMATERIALS 


These are synthesized from allotropes of carbon such as graphene, graphene oxide (GO), nano- 
tubes, and fullerene. Studies show that carbon nanotubes complex with PEI and pyridinium exhibits 
10-30% of silencing efficiency and 10-60% of cytotoxicity of siRNA. Studies have shown that 
carbon nanotube adjunct with PLL and Arg-Gly-Asp-Ser oligonucleotides actively target the tumors 
and control release of VEGF-siRNA, reducing the toxicity effect. These are hollow one-dimension 
nanostructures can be cylindrical, tubular, or needle in shape. Three types of Carbon nanotubes are 
discovered: single-walled carbon nanotubes with a thickness of 0.4-1 nm, double-walled carbon 
nanotubes with thickness of 1.4—20 nm, and multi-walled carbon nanotubes with a thickness of 
20-100 nm [23]. 

Ceo is the most commonly used fullerene, which contains 20 hexagonal rings and 12 pentagonal 
rings and is called as Buckyball. An internal view of the ball looks hollow, with an average diameter 
of about 100 nm [24, 25]. 

Pristine CNMs are less biocompatible and have less siRNA loading capacity due to electrostatic 
repulsion between the nanomaterials and drugs. However, conjugation or coating of Pristine CNMs 
with cationic polymers, such as PEG, PEI, chitosan, PAH (Poly (allylamine hydrochloride)), PLGA 
(Poly (lactic acid-co-glycolic acid)), is able to enhance the siRNA loading efficiency into carbon 
nanomembrane. Addition of ligands in pristine CNMs also improve the targeted delivery of siRNA 
to the cells [25-30]. 


8.13 DENDRIMERS 


Dendrimers are highly branched, spherical shaped macromolecules with nanometer-scale dimen- 
sions. They mainly consist of three components: a central core, an interior dendritic structure 
(the branches), and an exterior surface with functional surface groups [31]. Because dendrimers 
contains numerous functional groups, various ligands can attach with it and facilitate the tar- 
geted delivery of therapeutic molecules [32, 33]. The main characteristics of dendrimers include 
extremely high stability, water solubility, and decreased antigenicity. Therefore, they can be used 
for many applications, including active and passive targeted drug delivery in modified chemo- 
therapy treatments and gene delivery involving gene silencing techniques. Different types of den- 
drimers are available depending on its central core structure, such as PAMAM (Polyamidoamine), 
PPI (Poly (propylene imine), PLL, and poly(2,2-bis(hydroxymethyl)propionic acid. Large amount 
of drugs or genes can be loaded into this carrier, due to the presence of several voids/spaces deriv- 
ing from branch chain polymers. Dendrimers with amine terminated cationic groups is considered 
as a good source of delivery of negatively charged siRNA therapeutics. Currently, the siRNA/ 
paclitaxel based polypeptides-amphiphilic dendrimer has been developed, which is sensitive to the 
tumor microenvironment. This complex showed efficient regulation of VEGF mRNA synthesis in 
A375 xenograft mice and dual actions such as antitumor and antigenic effects in HT-1080 xeno- 
graft model [34]. 
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8.14 METAL BASED NANOPARTICLES 


Metal based nanoparticles are synthesized from inorganic materials that have hard, water insoluble, 
less biodegradable, and toxic properties, and hence have limitations in siRNA drug delivery (Figure 
8.2c). Nanoparticles that come under this class are semiconductor nanoparticles, Carbon-based 
nanoparticles, silica nanoparticles, quantum dots, and fullerenes. They have drawn much attention 
from researchers and scientists due to their two-in-one role as both carriers for siRNA delivery to the 
targeted cells and use in the sophisticated bio imaging technology to accurately tracking the siRNA 
trajectory upon delivery and its activation at target sites. Although these nanocarriers have a toxicity 
effect, like other nanoparticles, they can be modified to reduce the toxicity levels. Moreover, coat- 
ing the surface with several biocompatible, biodegradable, natural, or synthetic polymers and lipids 
enhances the biocompatibility and loading capacity of metal based nanoparticles. Moreover, their 
benefits, which include stability, noninvasive fluorescent nature, and controllability, might outweigh 
their disadvantages and drawbacks [35-39]. 


8.15 MESOPOROUS SILICA AND SILICON-BASED NANOPARTICLES 


Mesoporous silica nanoparticles (MSNs) contain several ordered porous structural surfaces in which 
drugs and genes can be easily entrapped. Due to this specific characteristic, MSNs show some 
advantages over other nanoparticles in terms of high loading efficiency and controlled release of 
loaded therapeutic molecules. Moreover, their smaller size ( 50 to 200 nm) produce EPR effect by 
passively transporting across the cell membrane and accumulating in the tumor cells. MSNs coated 
with cationic polymers, PEG, PEI, and amine-terminated PAMAM dendrimers provide high loading 
and targeted delivery of siRNA [36-38]. 


8.16 HYBRID NANOPARTICLES 


Both organic and inorganic NCS show many benefits and have been applied to remove various chal- 
lenges in delivering therapeutic genes and drugs. However, they have some limitations due to toxic- 
ity, poor stability in vivo, and non-biodegradable substances. To overcome these challenges, using 
hybrid nanocarriers is the best solution. These nanoparticles are prepared by fusion of both organic 
and inorganic nanoparticles. To enhance their biocompatibility and loading efficiency, various poly- 
mers are grafted on the surface of the particles. Meanwhile the inorganic constituents provide diag- 
nostic or therapeutic properties. Therefore, the hybrid NCs have benefits to offer the theragnostic 
application with high delivery efficiency [39, 40]. 


8.17 GOLD NANOPARTICLES 


Gold nanoparticles have been studied extensively throughout the years as the ultimate candidates for 
siRNA delivery. Their special surface plasmon resonance (SPR) characteristic makes them benefi- 
cial for bio-imaging, and in addition to their stability and efficient delivery of siRNA, a lot of effort 
is being put to exploit the true potential of these particles and further improve their biocompatibility 
for prospective clinical applications [41-44]. 


8.18 IRON OXIDE NANOPARTICLES 


Iron oxide nanocarriers have taken the spotlight due to their unique characteristics, such as thermal 
activation in the tumor microenvironment. They heat the tumors to lethal temperatures, inducing 
coagulative necrosis in tumor cells with the application of external magnetic fields. Furthermore, 
they have been reported to be potential candidate in siRNA therapy for many diseases, proving their 
MRI signal and magnetic properties allow them to be guided using an external magnetic field to 
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accumulate in the tumor sites. Their magnetic properties have benefits to improve siRNA delivery 
to the targeted sites [45]. Studies prove that SPIO nanoparticles efficiently targeted the lung cancer 
cells upon application of external high-energy magnets positioned over a specific region of the lung. 
This approach was further elaborated in another study in which the use of high-energy magnets 
offered improved theragnostic effect of Doxorubicin-loaded iron-tagged nanocarriers, by magneti- 
cally targeting them towards metastatic tumor sites in the lungs [46, 47]. 

Many metal oxide particles, especially iron oxide particles, have taken the spotlight due to 
their unique characteristics. In addition to the fact that these nanoparticles can be used for bio- 
imaging, have excellent cellular absorption, and are stable and modifiable like other metal-based 
nanoparticles, they have the distinguishing feature of thermal activation that is also shared with gold 
nanoparticles. Iron oxide particles can be used to heat the tumors to lethal temperatures, causing the 
coagulative necrosis of tumor cells upon the application of alternating magnetic fields. Furthermore, 
SPIO nanoparticles were reported to be perfect candidates for future siRNA therapies for many dis- 
eases, including lung cancer, given their strong contrast (i.e., MRI signal) and their unique magnetic 
properties that allow them to be guided using an external magnetic field to accumulate in the tumor 
sites. Magnetic targeting can improve both the delivery of siRNA and/or therapeutic compounds 
(i.e., chemotherapeutic drugs) to improve cancer treatment. We have previously reported that tar- 
geting of intravenously injected SPIO nanoparticles to the lung was proved to be enhanced when 
using external high-energy magnets positioned over a specific region of the lung. This approach 
was further elaborated in another study in which the use of high-energy magnets offered improved 
theragnostic effect of Doxorubicin-loaded iron-tagged nanocarriers, by magnetically targeting them 
towards metastatic tumor sites in the lungs [44-48]. 

Taking all the information together, siRNA based nanoparticle formulations have drawn much 
more attention to the research and pharmaceutical industries. Within the past decade, the use of 
siRNA as a therapeutic agent has proven to be an effective nanomedicine for gene silencing. In 
recent years, the use of siRNA for gene silencing has proven to be an effective in nanomedicine. 
Although there are limitations in viral medicine, nanoparticle based delivery of siRNA overcomes 
those challenges. Moreover, siRNA delivery from tissue engineering matrices may also increase the 
number of cells exhibiting mRNA knockdown, while minimizing the quantity of the vector used, an 
important factor when dealing with doss-dependent toxicity. Yet despite all, the therapeutic activi- 
ties of siRNA are promising and several clinical trials that are specific to tissue and diseases are 
currently progressing. 
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9.1 INTRODUCTION 


Retinal diseases are an important cause of vision impairment and blindness globally. Among the 
various reasons of visual impairment in adults aged 50 years or more, diseases like glaucoma (11%), 
age related macular degeneration (5.6%) and diabetic retinopathy (2.5%) are leading causes.! In the 
younger age group, prevalence of retinal diseases like retinitis pigmentosa (RP) (1 in 4,000, non- 
syndromic RP), inherited retinal diseases like cone rod dystrophies (1 in 40,000), Leber’s hereditary 
optic neuropathy (LHON) (1 in 30,000 to 50,000) and Leber’s congenital amaurosis (LCA) (1 in 
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33,000 to 50,000) contribute to the burden of visual impairment. With the increasing number of the 
elderly population, it is projected that 111.8 million people will have glaucoma in 2040.7 


9.1.1 Ace RELATED MACULAR DEGENERATION (AMD or ARMD) 


The two major subtypes of the disease include dry form and wet (exudative or neovascular) form. 
Presently there is no definitive treatment for the dry form. Treatment for the exudative form includes 
various modalities, such as intravitreal anti-VEGF injections, laser, and photodynamic therapy. 
However, the aim of all these treatments is to delay disease progression rather than being able to 
halt it completely. In this premise, gene therapy appears to be a promising new approach aimed at 
halting the disease process itself. 


9.1.2  RETINITIS PIGMENTOSA (RP) 


Retinitis pigmentosa, also known as hereditary retinal dystrophy is a group of retinal disorders caus- 
ing progressive loss of vision due to pigmentary changes in the retinal pigment epithelial layer. It 
exists in syndromic (occurring in association with systemic disorders, e.g., Usher’s syndrome) and 
non-syndromic forms. Historically, it has been an untreatable disease, but newer scientific advances 
like gene therapy, retinal implants, etc., have allowed good improvement in vision. 


9.1.3  LEBER'S CONGENITAL AMAUROSIS (LCA) 


Leber's congenital amaurosis is an inherited retinal disorder which causes severe vision loss in 
infancy. Patients usually present with nystagmus, sluggish or near-absent pupillary responses, 
severely decreased visual acuity, photophobia, and high hypermetropia. There is no definitive treat- 
ment or cure for this condition. LCA occurs due to mutation in the RPE65 gene, which encodes a 
key enzyme that is required for regeneration of visual chromophore in the retinal cycle. The defi- 
ciency of all-trans retinyl ester isomerase leads to LCA. 

In 2017, the USFDA has approved voretigene neparvovec (Luxturna Spark Therapeutics, Inc., 
Philadelphia, PA), for the treatment of biallelic RPE65 mutation-associated- LCA2(The first USFDA 
approved gene therapy for the eye) offering some hope for patients suffering from this condition. 

Gene therapy for a few other diseases, like Stargardt’s disease, Leber’s hereditary optic neuropa- 
thy (LHON), and Chorideremia, is also under investigation. 

A recent review of the number of ongoing gene therapy clinical trials has shown that about 1.8% 
are targeting eye diseases, of which a single one was targeting glaucoma. 


The use of gene therapy has expanded from the original concept of only replacing the mutated 
gene causing the disease. It is now also used to control non physiological levels of expression or to 
modify pathways known to affect the disease. Genes offer numerous advantages over conventional 
drugs. They have longer duration of action and are more specific.* A direct repair of gene or com- 
pensation of defective genes is possible via gene therapy. The therapeutic benefits of gene therapy 
are maintained over long periods of time. 


9.2 CATEGORIES OF GENE THERAPY 


a) Gene Augmentation — to provide functional copies of defective genes, to boost the dosage 
of the gene. This approach is commonly used in Autosomal Recessive (AR) and X linked 
diseases(e.g., Duchenne Muscular Dystrophy, Spinal Muscular Atrophy). 

b) Gene targeting — to introduce genetic material to repair or regenerate gene function. Mainly 
used in autosomal dominant (AD) and non-genetic diseases. 

c) Genome editing — directly corrects and transforms the mutated gene to normal. This mode is 
beneficial in all modalities of inherited diseases.* 
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9.3 EYE AS A LUCRATIVE TARGET FOR GENE THERAPY 


There are several advantages for the eye as a target for gene therapy. 


e The eye is a unique organ, with a relatively small anatomical size. It is further subdivided into 
well-defined compartments, making it a very organized anatomical organ. 

e The other unique aspect is the easy accessibility to all these sub compartments, using rela- 
tively safe surgical techniques. This facilitates effective delivery and concentration of the gene 
therapy vector. 

e Genetic disorders usually manifest bilaterally. Thus, since the eye is a paired organ, one eye 
can serve as a control for other, allowing comparative analysis. 

e The eye is an immunologically privileged site because of its less immunogenic microenviron- 
ment compared to other organs of the body, in addition to the physical and blood retina barrier. 

e Retinal cells do not proliferate after birth, as they are post mitotic cells. Thus, vectors are 
capable of producing long lasting gene expression regardless of transduction. 

e The optical transparency of ocular media permits accessibility for microsurgical delivery of 
vector suspension to the retina under direct visualization and superior, yet simple, in vivo 
imaging techniques make it possible to effectively study and monitor the effects of gene 
therapy. 


9.3.1  OcuLAR GENE DELIVERY VECTORS 


Ocular gene therapy can be administered via various types of vectors, which are broadly divided into 
viral [adenoviral (Ad), adeno associated viral vector (AAV), lentiviral] and non-viral (naked plasmid 
DNA, oligonucleotides, and RNA). 


9.3.2 OCULAR ROUTES OF ADMINISTRATION 


Various routes of delivery of vectors in the eye can be as follows: 


e Intravitreal injection (IVT): 
This presents a relatively safe and the least invasive mode of delivery, offering effective and wide- 
spread circulation of the vector mediated by the vitreous humor to the adjacent layers of the retina. 
This mode, however, offers multiple physical barriers, like the internal limiting membrane (ILM), 
and therefore, less delivery to RPE and photoreceptors (outer retina). Hence, currently, IVT deliv- 
ery of AAV is used in a limited number of clinical trials, particularly for Leber hereditary optic 
neuropathy (LHON), for which photoreceptors are not the primary target. 


e Subretinal injections: 

The subretinal route of injection of viral vector suspension has been used in several trials. This 
necessitates a rather invasive surgery via the pars plana approach by highly trained surgeons. 
It can also be done under intraoperative Optical Coherence Tomography (OCT) guidance. It 
involves raising a bleb in the subretinal space, causing a transient localized retinal detachment in 
an already fragile and degenerating retina. Known complications seen in previous such trials of 
LCA2 include macular holes, unresolved retinal detachment requiring surgical repair, choroidal 
effusions, hypotonia, and retinal tears. Also the benefit of treatment is limited to bleb area.5 


e Suprachoroidal space: 
Vector suspension can be injected in the potential suprachoroidal space, useful for choroidopa- 
thies. This therapy route is also currently being used to deliver stem cells into the subretinal space. 


Other common and less invasive routes, like topical instillation, periocular routes like retrobul- 
bar, subtenon, or subconjunctival injections are not found to be much effective. 


118 Gene Delivery Systems 


Optic nerve Optic nerve 


Optic nerve 
(A) Subretinal delivery (B) Intravitreal delivery (B) Suprachoroidal delivery 


FIGURE 9.1 Delivery routes for gene therapy. Schematic figure of the eye, depicting the possible routes of 
delivery to introduce viral vectors into the eye. 


Image adapted from: de Guimaraes, T. A. C., Georgiou, M., Bainbridge, J. W., & Michaelides, M. (2021). 
Gene therapy for neovascular age-related macular degeneration: rationale, clinical trials and future 
directions. British Journal of Ophthalmology, 105(2), 151-157. 


9.3.3 OUTCOME MEASURES IN CLINICAL TRIALS FOR STUDY OF EFFECTIVITY OF GENE THERAPY 
IN Eye DISEASES 


Clinically meaningful endpoints: These include the mean change or mean rate of change in the best 
corrected distance visual acuity, visual field sensitivity (including analysis of hill of vision volumes), 
retinal sensitivity measured by full-field stimulus testing (FST), and multiluminance mobility tests. 
Mobility course performance is being used to assess functional vision in a fixed environment as part 
of performance-based endpoints. 

The eye being a unique organ with clear media, various latest technologies are put to use to assess 
imaging-based endpoints. With the help of artificial intelligence and analysis of in vivo retinal struc- 
ture by high resolution images obtained from spectral domain OCT, treatment potential for IRDs can 
be assessed. Also, it is helpful in evaluating therapeutic outcomes in RP and Stargardt’s disease. In 
Stargardt’s disease, fundus autofluorescence imaging is being used to describe the leading disease 
front and evaluate therapeutic outcomes. Some surrogate endpoints used in various clinical trials, 
especially those for IRDs, include the mean change or mean rate of change in electrophysiologi- 
cal measures of retinal function, such as electroretinogram (ERG), optical coherence tomography 
(OCT) documenting the rate of loss of photoreceptors, and changes in lesion size on fundus auto- 
fluorescence (hypo or hyper fluorescence).° 

There are several concerns about the induction of inflammation during AAV mediated gene 
therapy and efficacy of therapy found in various animal models. Inflammation during ocular gene 
therapy is widely variable in severity in both animal and clinical studies. In cases where inflamma- 
tion was more severe or prolonged, it was associated with reduced efficacy of the administered gene 
therapy. There is no clear consensus on the approaches, effectiveness, or the standard treatment 
protocol for treatment of such inflammation during animal and clinical studies.’ 

In the above context, designing clinical trials, especially in retinal diseases like inherited reti- 
nal disorders, can be quite challenging because of the prohibitive costs, participation of industry, 
fewer number of participants, more patients from the pediatric age group, ethical principles, and 
safety concerns. 
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9.4 CURRENT THERAPIES FOR RETINAL DISEASES UNDER INVESTIGATION 
9.4.1  LEBER'S CONGENITAL Amaurosis (LCA) 


RPE65 gene therapy for LCA has been one of the most successful examples of gene therapy for 
ocular diseases till date. 

The first trial of ocular gene therapy for humans with RPE65-LCA was reported in 2008.8 

In 2017, the US FDA approved voretigene neparvovec (Luxturna TM, Spark Therapeutics Inc.) 
for the treatment of RPE65-associated LCA. The long-term sustained effects on safety and efficacy 
of AAV2-RPE65 gene delivery in biallelic RPE65-mediated LCA were assessed over a period of 
three years, with the initial improvements in visual function peaking at 6 to 12 months after injec- 
tion. "Longer term findings have shown that, despite improved function of surviving retina, the 
durability of benefit can be limited by progressive retinal degeneration.'° 


9.4.2 ACHROMATOPSIA 


This disorder leads to loss of colour vision, nystagmus, photophobia, and poor visual acuity. About 
70 to75% of mutations for this autosomal recessive disease are seen in the CNGA3 (25%) and 
CNGB3 genes (40 to 50%). 

In rodent models of both CNGA3-ACHM31 and CNGB3-ACHM32, and in canine models of 
CNGB3-ACHM, AAV-mediated gene replacement therapy can improve cone function. Early phase 
clinical trials in humans of the above genes will further help to elucidate whether it is effective in 
humans as well.* 


9.4.3 RETINITIS PIGMENTOSA (RP) 


Apart from usual gene therapy modalities, an optogenetic therapy relies on delivering a gene encod- 
ing a light sensitive channel protein (such as channelrhodospin [ChR] or halorhodospin) to create 
artificial photoreceptors by either reactivating dormant cones or activating other retinal neurons 
during the late stages of degeneration. Optogenetic therapy involves genetically modifying neurons 
to express light-sensitive ion channels. It has been shown to successfully restore light responses and 
visual function in multiple mouse models of retinal degeneration.’ This type of gene therapy may be 
able to offer a wider treatment for a variety of retinal degenerations, with a possibly larger area of 
opportunity for useful intervention in progressive disease. 


9.4.4 Leper’s HEREDITARY Optic NEUROPATHY (LHON) 


Leber’s hereditary optic neuropathy (LHON) is a common inherited mitochondrial disorder. It is 
characterized by the degeneration of the optic nerves, leading to vision loss. The major mutations 
in the mitochondrial genes ND/, ND4, and ND6 of LHON subjects are found to increase the oxida- 
tive stress experienced by the optic nerve cell, thereby leading to nerve cell damage and vision loss. 

The missense, m.3460G > A m.11778G.A and m.14484T > C mutation constitutes 90% of the 
mutation spectrum in this disorder. 

A unique approach in this disease, involves inducing expression of these mitochondrial genes, 
in the nucleus.* 

Currently, various drugs like Idebenone, EPI 743 and Bendavia are used to treat vision loss due 
to oxidative stress in LHON largely due to antioxidant properties. 

Gene therapy for LHON is still under clinical trials. One such trial in Phase I, involving adeno- 
associated virus as a vector of different doses has shown slight improvement in the visual loss of 
LHON subjects with G11778A mutation of ND4.!! 

Other Clinical trials for gene therapy are currently underway for several diseases. 


120 Gene Delivery Systems 


9.4.5 AMD 


Campochiaro et al. performed a phase 1 clinical trial to assess the safety of intravitreal injections of 
AdPEDF. OPTIC is a phase 1, 2-year, multicenter, open-label study of ADVM-022 in neovascular 
AMD. RGX-314 trial (RGX-314) has been showing some encouraging results because only 25% of 
the patients in cohort five needed rescues, meaning gene therapy was making sufficient anti- VEGF 
protein in 75% of patients to suppress exudation from CNV.!” 


9.4.6 RETINOBLASTOMA 


Chevez-Barrios et al, reported the results of a phase 1 clinical trial investigating the safety and 
efficacy of intravitreal injections of a herpes simplex thymidine kinase gene (AdV-TK) followed 
by systemic ganciclovir for the treatment of bilateral retinoblastoma with vitreous tumor seeding. 
They found that AdV-TK followed by ganciclovir can be administered safely to children with reti- 
noblastoma. Their results may suggest that in children with vitreous seeds that are complicating 
retinoblastoma, gene therapy may be a useful adjuvant to other standard therapies.!5 


9.4.7 OTHER RETINAL DISEASES 


In addition to Luxturna TM, three clinical trials advanced to Phase III collectively, including anti- 
sense oligonucleotides-based QR-110 for LCA10, AAV5-RPRG gene-drug for XLRP, and AAV2- 
REP! for choroideremia.!* A phase III clinical trial comparing high and low titers of recombinant 
AAV2.REP1 to choroideremia patients is now ongoing (NCT03496012). 

Active clinical trials in gene therapy for eye diseases are summarized in Table 9.1. 


9.5 GENE THERAPY IN OTHER EYE DISEASES 


In situations like high-risk corneal grafts with poor survival, especially those in which disease recurs, 
such as full thickness keratoplasty in MPS4, Reis-Biicklers, and other TGFBI corneal dystrophies, 
gene therapy as a “single shot treatment” is a very good possible treatment option.!> 

Various targets for gene therapy for glaucoma include the following: 


e transferring genes to Retinal Ganglion Cells (RGCs) via AAV, 

e transferring genes to the trabecular meshwork (T M) allowing the transgene modification in 
outflow facility, 

e Using adenoviral vectors to identify and modify the small GTP-binding protein RhoA involved 
in regulation of intraocular pressure (IOP). 

e Adenoviral vector carrying the inhibitor of calcification matrix Gla gene (Adh.MGP) inhibits 
bone morphogenetic 2 (BMP2)-nduced mineralization in TM cells and the involvement of 
the Wnt signaling pathway. 

e Insertion of regulatory elements for expressing therapeutic genes only when needed, such as 
vectors developed to deliver matrix metallopeptidase 1 (MMPI) gene regulated by glucocor- 
ticoid response elements (Adh.GRE.MMPI) in the case for the treatment of steroid glaucoma 
is also a promising approach.!6 


Genes selected to protect RGCs have traditionally been genes encoding neurotrophins, antiapop- 
totic, and defense genes, which are also being explored for potential use in gene therapy. 


TABLE 9.1 

Sr. 

No. NCT Number 
1 NCT03748784 

2 NCT03066258 

3 NCT03406104 

4 NCT03597399 

3 NCT04418427 

6 NCT03507686 


Title Acronym 


ADVM-022 Intravitreal OPTIC 
Gene Therapy for Wet 
AMD 


Safety and Tolerability of 
RGX-314 Gene Therapy 


for Neovascular AMD 
Trial 

RESCUE and REVERSE  RESCUF/ 
Long-term Follow-up REVERSE 


A Patient Registry Study 
for Patients Treated With 
Voretigene Neparvovec 


in US 

ADVM-022 Intravitreal INFINITY 
Gene Therapy for DME 

A Safety Study of GEMINI 
Retinal Gene Therapy 


for Choroideremia 
With Administration of 
BIIBIII 


Conditions Interventions 


Wet Age-related Macular Biological: ADVM-022 
DegenerationlNeovascular 
Age-related Macular 
Degeneration 

Neovascular Age-related Genetic: RGX-314 
Macular Degeneration|Wet 
Age-related Macular 


Degeneration 

Leber Hereditary Optic Genetic: GS010IOther: 
Neuropathy Sham 

Confirmed Biallelic RPE65 Biological: AAV2- 
Mutation-associated Retinal hRPE65v2,voretigene 
Dystrophy neparvovec-rzyl 

Diabetic Macular Biological: 6E11 vg/eye of 


EdemalDiabetic Retinopathy ADVM-022IBiological: 
2E11 vg/eye of ADVM- 
022IBiological: Aflibercept 


Choroideremia Drug: BIIB111 


Sponsor/Collaborators 


Adverum Biotechnologies, Inc. 


Regenxbio Inc. 


GenSight Biologics 


Spark Therapeutics 


Adverum Biotechnologies, Inc. 


NightstaRx Ltd, a Biogen 
CompanylBiogen 


Phases 


Phase 1 


Phase 1|Phase 2 


Phase 3 


Phase 2 


Phase 2 


(continued) 
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TABLE 9.1 (Continued) 


Sr. 
No. NCT Number Title Acronym 


7 NCT02077361 An Open Label Clinical 
Trial of Retinal 
Gene Therapy for 
Choroideremia 


8 NCT03428178 Efficacy Study of Gene LHON 
Therapy for The 
Treatment of Acute 
LHON Onset Within 
Three Months 


9 NCT03252847 Gene Therapy for 
X-linked Retinitis 
Pigmentosa (XLRP) 
Retinitis Pigmentosa 
GTPase Regulator 
(RPGR) 


Conditions 


Choroideremia 


Acute LHONIOnset Within 
Three MonthslOnset Between 
3 to 6 MonthslOnset Between 
6 to 12 MonthslOnset 
Between 12 to 24 
MonthslOnset Between 24 
to 60 MonthslOnset Over 60 
Months 


X-Linked Retinitis Pigmentosa 


Interventions Sponsor/Collaborators Phases 
Genetic: rAAV2.REP1 Tan M. MacDonaldlAlberta Phase 1|Phase 2 
vector Innovates Health 


Solutions|Canada Foundation 
for Innovation|Canadian 
Institutes of Health Research 
(CIHR)IChoroideremia Research 
Foundation CanadalFoundation 
Fighting Blindnessllmperial 
College London|University of 
OxfordlUniversity of Alberta 
Drug: rAAV2-ND4 Bin LilHuazhong University of Not Applicable 
Science and Technology 


Genetic: AAV2/5-RPGR MeiraGTx UK II LtdlSyne Qua Phase 1|Phase 2 
Non Limited|Bionical Emas 


cel 


SUIBISAS A13A!J3Q 3Uu39 


10 


NCT02161380 


NCT00481546 


NCT03293524 


NCT03602820 


NCT00999609 


Safety Study of an Adeno- 
associated Virus Vector 
for Gene Therapy of 
Leber’s Hereditary Optic 
Neuropathy 


Phase I Trial of Gene 
Vector to Patients With 
Retinal Disease Due to 
RPE65 Mutations 

Efficacy & Safety 
Study of Bilateral IVT 
Injection of GSO10 in 
LHON Subjects Due to 
the ND4 Mutation for up 
to 1 Year 

Long-term Follow-up 
Study in Subjects Who 
Received Voretigene 
Neparvovec-rzyl 
(AAV2-hRPE65v2) 

Safety and Efficacy Study 
in Subjects With Leber 
Congenital Amaurosis 


LHON 


LCA 


REFLECT 


Leber’s Hereditary Optic 
Neuropathy 


Amaurosis of LeberlRetinal 
Diseases 


Leber Hereditary Optic 
Neuropathy 


Inherited Retinal Dystrophy 
Due to RPE65 Mutations 


Inherited Retinal 
Dystrophy Due to RPE65 
Mutations|Leber Congenital 
Amaurosis 


Drug: injection of scAAV2- 
PIND4v2 1.18x10e9 vg 
(Low),|Drug: injection of 
scAAV2-PIND4v2 5.81 
X10e9 vg (Med)|Drug: 
injection of scAAV2- 
PIND4v2 2.4 X10e10vg 
(High)|Drug: injection of 
scAAV2-PIND4v2 1.0 
X10e11vg (Higher) 

Genetic: 
TAAV2-CBSB-hRPE65 


Genetic: GS010IDrug: 
Placebo 


Biological: 
AAV2-hRPE65v2 


Biological: AAV2- 
hRPE65v2,voretigene 
neparvovec-rzyl 


Byron LamiNational Eye Institute Phase 1 


(NEDIUniversity of Miami 


University of Phase 1 
PennsylvanialNational Eye 
Institute (NEI) 


GenSight Biologics Phase 3 


Spark Therapeutics 


Spark Therapeutics|Children’s Phase 3 
Hospital of 


PhiladelphialUniversity of lowa 
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20 


21 


NCT Number 


NCT02407678 


NCT045 16369 


NCT03585556 


NCTO1678872 


NCTO3153293 


NCTO2416622 


NCT02556736 


(Continued) 


Title 


REP1 Gene Replacement 
Therapy for 
Choroideremia 

Study of Efficacy and 
Safety of Voretigene 
Neparvovec in Japanese 
Patients With Biallelic 
RPE65 Mutation- 
associated Retinal 
Dystrophy 

AAVCAGsCDS9 for the 
Treatment of Wet AMD 


A Follow-up Study to 
Evaluate the Safety of 
RetinoStatA® in Patients 
With Age-Related 
Macular Degeneration 

A Single Intravitreal 
Injection of rAAV2-ND4 
for the Treatment of 
Leber’s Hereditary Optic 
Neuropathy 

Safety and Efficacy 
of rAAV-hRS1 in 
Patients With X-linked 
Retinoschisis (XLRS) 

RST-001 Phase I/II Trial 
for Advanced Retinitis 
Pigmentosa 


Acronym 


REGENERATE 


Conditions 


Choroideremia 


Biallelic RPE65 Mutation- 
associated Retinal Dystrophy 


Wet Age-related Macular 
Degeneration 


Age-Related Macular 
Degeneration 


Leber Hereditary Optic 
Neuropathy 


X-linked Retinoschisis 


Advanced Retinitis Pigmentosa 


Interventions 


Genetic: AAV-mediated 
REP! gene replacement 


Genetic: voretigene 
neparvovec 


Drug: Intravitreal anti- 
VEGFIBiological: 
Intravitreal 
AAVCAGsCDS9IDrug: 
Oral prednisolone 


Drug: RetinoStat 


Drug: rAAV2-ND4 


Biological: 
rAAV2tYF-CB-hRS | 


Drug: RST-001 


Sponsor/Collaborators 


University of OxfordiMoorfields 
Eye Hospital NHS Foundation 


TrustlUniversity College, London 


Novartis Pharmaceuticals|Novartis 


Janssen Research & Development, 


LLC 


Oxford BioMedica 


Huazhong University of Science 
and TechnologylShiyan Taihe 
Hospital 


Applied Genetic Technologies 
Corp 


Allergan 


Phases 


Phase 2 


Phase 3 


Phase 1 


Phase 1 


Phase 2IPhase 3 


Phase 1|Phase 2 


Phase 1|Phase 2 


vel 
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NCT02341807 


NCT03913143 


NCT03913130 


NCT04560790 


NCTO1208389 


Safety and Dose 
Escalation Study of 
AAV2-hCHM in 
Subjects With CHM 
(Choroideremia) Gene 
Mutations 


A Study to Evaluate 
Efficacy, Safety, 
Tolerability and 
Exposure After a Repeat- 
dose of Sepofarsen 
(QR-110) in LCA10 
(ILLUMINATE) 


Extension Study to 
Study PQ-110-001 
(NCT03140969) 


Safety and Efficacy of 
CRISPR/Cas9 mRNA 
Instantaneous Gene 
Editing Therapy to 
Treat Refractory Viral 
Keratitis 

Phase | Follow-on Study 
of AAV2-hRPE65v2 
Vector in Subjects 
With Leber Congenital 
Amaurosis (LCA) 2 


ILLUMINATE 


INSIGHT 


ChoroideremialCHM 
(Choroideremia) Gene 
Mutations 


Leber Congenital Amaurosis 
10IBlindnessiLeber 
Congenital Amaurosis!Vision 
Disorders|Sensation 
Disorders|Neurologic 
ManifestationslEye 
DiseaseslEye Diseases, 
HereditarylEye Disorders 
CongenitallRetinal Disease 

Leber Congenital Amaurosis 
10IBlindnesslLeber 
Congenital Amaurosisl Vision 


Disorders|Sensation 
Disorders|Neurologic 
ManifestationslEye 
DiseaseslEye Diseases, 
HereditarylEye Disorders 
CongenitallRetinal Disease 
Viral Keratitis|Blindness 
EyelHerpes Simplex Virus 
InfectionlCornea 


Leber Congenital Amaurosis 


Biological: AAV2-hCHM 


Drug: sepofarsenlOther: 
Sham 


Drug: QR-110 


Drug: BD111 Adult single 


group Dose 


Biological: voretigene 
neparvovec-rzyl 


Spark Therapeutics|Children’s 
Hospital of 
PhiladelphialUniversity of 
PennsylvanialMassachusetts Eye 
and Ear Infirmary 


ProQR Therapeutics 


ProQR Therapeutics 


Shanghai BDgene Co., Ltd.lEye 
& ENT Hospital of Fudan 
University 


Spark Therapeutics 


Phase 1|Phase 2 


Phase 2IPhase 3 


Phase 1|Phase 2 


Phase 1|Phase 2 


Phase 1|Phase 2 


(continued) 
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TABLE 9.1 (Continued) 
Sr. 
No. NCT Number Title Acronym 
27 NCT02223819 Crizotinib in High-Risk 
Uveal Melanoma 
Following Definitive 
Therapy 
28 NCT03173144 Chronic Inflammatory BELIEVE 
Disease, Lifestyle and 
Treatment Response 
29 NCT00342797 Retinoblastoma 
Biomarker Study 


Trial Data as on June 2021 
Tables adopted from: 


*Rodrigues GA, Shalaev E, Karami TK, Cunningham J, Slater NKH, Rivers HM. Pharmaceutical Development of AAV-Based Gene Therapy Products for the Eye. Pharm Res. 2018;36(2):29. 


Published 2018 Dec 27. doi:10.1007/s11095-018-2554-7 


**Lee JH, Wang JH, Chen J, et al. Gene therapy for visual loss: Opportunities and concerns. Prog Retin Eye Res. 2019;68:31-53. doi:10.1016/j.preteyeres.2018.08.003 (reference number 4 


mentioned in ‘References’ ) 


Conditions Interventions 


Uveal Melanoma Drug: Crizotinib 


Autoimmune Other: Primary exposure 
variablelOther: Other 


(exploratory) exposure 


Diseasesllnflammatory Bowel 
DiseaseslCrohn Disease 
(CD)IColitis, Ulcerative 
(UO)IArthritis, Rheumatoid 
(RA)ISpondylarthropat 
hieslArthritis, Psoriatic 

(PsA )IPsoriasislHidradenitis 
Suppurativa (HS)lUveitis 


variables 


Retinoblastomal- 
MelanomalSarcoma 


9CL 


Sponsor/Collaborators Phases 


Columbia University|Pfizer Phase 2 


University of Southern 
DenmarklHospital of 
Southern JutlandlUniversity 
Hospital Bispebjerg and 
FrederiksberglUniversity 
of CopenhagenlOdense 
University HospitallUniversity 
of AarhuslAalborg 
University HospitallHerning 
HospitallHospital of South 
West Jutland|Sygehus 
Lillebaeltl Aalborg 
UniversitylUniversity 
of KiellColitis-Crohn 
ForeningenlHerlev 
HospitallRegionshospitalet 
Silkeborgl Aarhus University 
HospitallThe Danish Psoriasis 
Association 

National Cancer Institute 
(NCD National Institutes of 
Health Clinical Center (CC) 


SUIBISAS A13A!J3Q 3u39 
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9.6 FUTURE DIRECTIONS 


The initial gene-therapy trials have allowed us to improve our approaches with viral vectors, trans- 
gene selection, and delivery. There are still several unanswered questions. The success of gene 
therapy may help us consider newer avenues, like the fusion of gene therapy along with stem cell 
therapy. 

Silencing genes with siRNA is a novel method that is beginning to be explored in gene therapy. 
The proof of concept was established by delivering the naked glucocorticoid receptor siRNA to the 
human TM in an organ culture perfusion system. The transferred siRNA ablated the dexamethasone 
induction of genes, such as myocilin (MYOC) and ANGPTL7.5 

The clustered regularly interspaced short palindromic repeat (CRISPR)/Cas system of gene edit- 
ing, also called as ‘molecular surgery’ is a promising new technique for future treatment of inherited 
disease because it is capable of correcting gene defects by manipulating the genome at the particu- 
lar site. The advantages of the CRISPR/Cas9 system are its ease of use and the speed with which 
desired genomic modifications can be generated compared with other systems. 


9.7 CONCLUSION 


Gene therapy has the potential for changing the practice of classical clinical medicine to that of 
molecular medicine. Newer techniques in gene therapy are likely to bring forth new and better 
therapies, which may, in the near future, replace conventional pharmacological therapies and pave 
the way for complete disease cure. 
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10.1 INTRODUCTION 
10.1.1 WHat ts GENE THERAPY? 


Modern molecular biology has made it possible to treat human disease through gene therapy. Thus, 
one can integrate a specific gene into a viral vector and use it to infect a patient whose gene is defec- 
tive in order to rectify that defective gene. Currently, this approach is being tested in clinical trials 
for several diseases and has been successful in aiding patients with lethal immune disorders caused 
by genes encoding adenosine deaminase. Gene therapy uses specific genes to treat human diseases, 
and efficient gene delivery systems are important to its success. 


10.1.1.1 Importance of Gene Therapy in Transplantation Biology 

A paradigm shift is taking place in transplantation medicine, away from traditional chemical immu- 
nosuppression regimens that dominate clinics today and leaning toward modalities that are tissue 
and cell specific. As a result, xenotransplantation is sure to become a less debated issue in the com- 
ing years, and a greater challenge for clinicians, transplant immunologists, and biologists. The abil- 
ity to deliver exogenous nucleic acids to cells of various tissues is the basis for a successful use of 
gene therapy in transplantation. 


DOI: 10.1201/9781003186083-10 129 


130 Gene Delivery Systems 


10.1.1.2 Transplantation and Graft Rejection 

Genetically corrected autologous cells as well as allogeneic cells are potent approaches to restor- 
ing cellular functions in patients suffering from genetic diseases.! The recipient’s immune response 
against non-self-antigens may compromise the survival of these cells.? 

Antibodies produced by non-self-antigens may compromise the recipient’s immune system cell 
survival after grafting. Immunosuppressive drugs may be required for the rest of the recipient’s life 
when receiving the graft.* In addition to immune-evasion molecules, another approach that could 
reduce graft rejection is using DNA mutations. It is possible to subvert an immune response by 
expressing such molecules in the tissues of a graft. A virus in particular is extremely adept at manip- 
ulating the immune response of its hosts.! The Herpes Simplex Virus (HSV) genome size and ability 
to be latent in neuronal cells make it unique for such gene delivery in the designated system, such as 
the nervous system, regarding its large genome size and for delivery of genes.! The Herpesviridae 
family provides a reasonable proof of concept for this, since they have the ability to establish latency 
in the infected host and to persist for life. Many viral proteins involved in immune evasion have been 
characterized; however, the Herpesviridae also encode a large and diverse range number of viral 
microRNAs (miRNAs). Immune evasion is linked to some of them. Researchers have shown that 
several miRNAs inhibit the host’s immune system from destroying infected cells.* 5 In this chapter, 
miRNAs from some common herpesviruses that modulate immune responses will be discussed, 
culminating with a discussion of their potential application in non-immune generating cell therapy. 

RNA molecules smaller than 21 nucleotides are known as microRNAs (miRNAs). A pair of com- 
plementary strands of mRNA can interact when they are of complementary lengths. This reduces by 
obstructing or degrading translation. In the world of microRNA research, microRNAs are often called 
the “fine tuners” of the gene expression. Since most of the posttranslational regulation occurs after 
this process, it produces results that are rather subtle. Cellular miRNAs are abundantly present and 
are involved in almost all biological processes. The diversity of their DNA makes them perfect tar- 
gets for viruses. Indeed, Herpesviruses use cellular miRNAs to benefit from replication and survival. 
In addition to being encoded by herpesviruses, miRNAs may also be effective in rendering cellular 
grafts as part of gene therapy techniques. RNA-mediated immune evasion by herpesvirus is known to 
involve herpesvirus miRNAs. These have only recently gained attention, and to our knowledge, there 
has been no evaluation of miRNAs as a tool for gene editing therapy. Specifically, we have defined 
and discussed miRNAs derived from herpesviruses that are associated with immune evasion.. 


10.2 WHAT ARE miRNAs 


miRNAs are small non-coding RNAs that are involved in post-transcriptional gene silencing and 
regulation of gene expression via physiological and pathological mechanisms. miRNAs were first 
identified in the nematode, C.elegans, almost a decade ago.®° High-throughput sequencing technolo- 
gies and computational analysis tools have been key to the discovery of miRNAs. miRNAs are small 
and single-stranded molecules, approximately 22 nucleotides in length (occurring as a hairpin like 
duplex) and exert their effect by binding to the 3’ untranslated region (3’UTR) of target messenger 
RNAs (mRNAs). This interaction is responsible for the degradation or translational inhibition of the 
target mRNA. 

miRNA sequences appear to be conserved across species. A huge variety of miRNAs have been 
identified in plants and animals, including humans and viruses. Currently, over 2,000 human miRNAs 
are recognized in the comprehensive miRNA database miRbase 22 (http://www.mirbase.org). It is 
estimated that about 60% of human genes may be subjected to miRNA regulation.* As miRNAs and 
their targets are not paired, a single miRNA can potentially affect more than 300 different mRNA 
transcripts, having a profound impact on gene expression patterns. 

Cellular miRNAs are known to be involved in biological processes such as cell differentiation, 
metabolism, homeostasis, and apoptosis. Some studies have also indicated that miRNAs may have 
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hormone-like function, as release of miRNAs into the extracellular fluids may modulate cellular 
activities in an autocrine, endocrine, or paracrine fashion.’ 

Viruses have evolved to regulate cellular (host) and viral genes via miRNAs, including mecha- 
nisms to avoid being targeted by cellular miRNAs.* Moreover, viruses may upregulate host miRNAs 
for immunological escape. For example, human cytomegalovirus replication was shown to suppress 
suppressing type I IFN response following host miR-146a upregulation, and miR-23a was found 
to facilitate HSV-1 replication by targeting the interferon regulatory factor 1 (IRF1) and inhibiting 
the interferon pathway.’ Most DNA viruses apply gene regulation via miRNAs transcribed from 
their DNA genomes.’ Whether RNA viruses express miRNAs needs further elucidation, although 
some research indicates that RNA viruses can produce functional miRNAs or some non-canonical 
miRNA-like RNA fragments that have been detected in RNA virus infections.!° It has now become 
increasingly apparent that dysregulation of miRNAs may have a prominent role in the development 
of disease and cancer.!! 

The canonical pathway for miRNA biogenesis involves the following steps (See Figure 10.1). 
RNA Polymerase II (Pol II) initially transcribes the miRNA from the protein-coding/noncoding 
region of the genome as a long, capped poly A precursor called primary-miRNA (pri-miRNA). 
Next, the nuclear RNAse III Drosha trims the pri-miRNAs into precursor-miRNA hairpin interme- 
diates (pri-miRNAs 60-70 nucleotides long), which are subsequently transported to the cytoplasm 
and cleaved by RNAse II Dicer into 20 nucleotide-long double-stranded miRNAs. The resulting 
miRNA/miRNA* duplex is then loaded into a member of the Argonaute family of proteins. The 
argonaut protein unwinds and selects a guide strand from this duplex to become the mature miRNA, 
whereas the complementary strand is degraded. The strand selection is determined by the duplex 
stability at the 5’ end of each miRNA arm, and highly abundant miRNAs typically originate more 
frequently from the 5p strand than the 3p strand. The mature miRNA is then loaded into an effec- 
tor complex: the RNA-induced silencing complex (RISC). The RISC-bound miRNA complex thus 
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FIGURE 10.1 Details of the canonical pathway responsible for the biogenesis of miRNAs. (Sourced from 
Mishra et.al 2020.) 
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guides the recognition of a sequence in the 3’-untranslated region (3’-UTR) of a target mRNA, 
which has either extensive or partial complementarity to the miRNA, to induce mRNA cleavage and 
degradation or inhibition of mRNA translation.’ Pairing interactions between miRNAs and their tar- 
get RNAs are referred to as “seed sequence” which involve 2-8 nucleotides of the miRNA. Unlike 
DNA viruses, most RNA viruses replicate in in the cytoplasm and so are unable to access the nuclear 
enzyme Drosha necessary for the miRNA processing.!? 

The degree of sequence complementarity between the miRNA and its target mRNA and the 
associated Argonaute protein determine the stability of an miRNA.‘ Short, single-stranded RNA/ 
DNA molecules called as antisense oligonucleotides (ASOs), antagomirs or blockmirs have been 
shown to inhibit specific miRNAs in mammalian cells.!3 These are chemically engineered antago- 
nists of miRNAs and have therapeutic implications. miRNAs can be cleaved by small RNA degrad- 
ing nucleases, exoribonuclease, and other endo and exonuclease. miRNA sponges are plasmid or 
viral vectors containing tandemly arrayed miRNA binding sites; separated with a small nucleotide 
spacer, they can inhibit an entire family of miRNA by using the common seed sequence, and can 
therefore inhibit multiple miRNAs at once.!4 

Targeted transfer of a therapeutic transgene is central to safe and effective gene therapeutic proce- 
dures.!> Currently, microRNA-dependent post-transcriptional suppression of transgene expression is 
an emerging new technology. Identification of viral miRNA as targets for treating viral diseases and 
associated cancers is also being explored. Several miRNA-targeted therapeutics are now in clinical 
development, prominent examples being a mimic of the tumor suppressor miRNA miR-34, which 
reached phase I clinical trials for treating cancer, and hepatitis therapeutic, antimiRs targeted at 
miR-122, in phase II trials.!€ A significant barrier to miRNA-based therapy, however, is the devel- 
opment of targeted delivery paradigms with minimum toxicity. Recently, an engineered miRNA- 
based regulatory element was shown to control deleterious overexpression of a target gene in a 
Rett syndrome murine model.!” Another study reported miRNA-mediated transgene de-targeting to 
promote immune tolerance of a transgene-encoded antigen.* Combination of the pleiotropic regula- 
tory potential of miRNAs with gene therapy can allow targeted and potent expression of transgenes 
in specific tissue environments. Strategies for delivering miRNA therapeutics in a stable manner to 
target sites involve delivering miRNAs with synthetically modified oligoribonucleotides (ORNs) 
that mimic the native miRNA duplex or nanotechnology-based platforms.'® 


10.3 WHAT ARE HERPES VIRUSES 


Herpesviridae is a large family of encapsulated DNA viruses. A typical herpes virion structure is 
made up of an inner core of double stranded DNA 124-235 kilobase (kbp) pair in size, a protein 
capsid, tegument, and an envelope derived from the nuclear membrane of the infected cell and long 
glycoprotein spikes. A large number of clinical manifestations, including malignancies, have been 
recorded for herpes virus related infections in humans. Interestingly, herpes viruses not only cause 
acute infections that may even be transmitted via organ transplantation, but also latent infections. 
The tendency to persist in the host following an initial infection, without producing overt disease 
is latency. Thus, herpesviruses are able to establish lifelong infections in the host and transition 
between the lytic (productive) and latent (non-productive) replication cycles. The microenviron- 
ment, host immunity, cell autonomous factors, as well as viral elements, may all contribute to this 
latency establishment, maintenance, and reactivation of herpes virus infection.! 

Herpes virus species differ greatly in their genomic composition, with genome sizes ranging 
from 125 kbp to 230 kbp. The herpes virus genome is large and encodes at least 100 different 
proteins. Based on genome sequence and biology, there are eight human herpesviruses that are sub- 
divided into three subfamilies; Alphaherpesvirinae; Betaherpesvirinae; and Gammaherpesvirinae. 
a-herpesviruses, such as human herpes simplex virus 1 (HSV-1), typically cause latent infections 
of neurons of the sensory ganglia and, cause lesions on adjacent mucosal surfaces following reac- 
tivation. Human cytomegalovirus (HCMV), a B-herpesvirus, is responsible for birth defects and 
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establishes latency in hematopoietic progenitor cells. Human y-herpesviruses establish latent infec- 
tions primarily in B cells and are linked to several cancers. 

The role of miRNAs in herpes virus infections has been studied extensively. Several herpes 
viruses exploit the most miRNA networks to facilitate their replication and survival. Following 
sections describe the details of viral miRNA-host interactions in some prominent herpesvi- 
ruses. Herpesviridae themselves encode a range of miRNAs. Exploring their potential as tools 
in gene therapy has garnered significant research interest. When compared to each other, 
Herpesviruses seem to have co-evolved miRNAs as host immune regulators to escape immune 
cell recognition.!? 


10.4 EPSTEIN BARR VIRUS AND ASSOCIATED MICRORNAS 


Epstein-Barr virus (EBV) is a DNA virus from the gamma herpesvirus family. Although mostly 
asymptomatic, EBV infection can be found in the majority of the population worldwide. Diseases 
caused by EBV include, acute infection such as mononucleosis and severe diseases such as Burkitt 
lymphoma, diffuse large B cell lymphoma, nasopharyngeal carcinoma, and post-transplant lympho- 
proliferative disease. EBV exhibit latency after the primary infection, similar to other herpesviruses. 
In a latent infection, the EBV exists as an episome within the nucleus of memory B-lymphocytes. 
Depending on the expression pattern of EBV latent genes, four types of latency (0, I, II, III) have 
been described.!” EBV are able to establish a persistent infection in host cells with the help of a 
vast array of viral proteins and miRNAs. The EBV double stranded (~170kbp) genome encodes 80 
genes and 44 mature miRNAs derived from 25 pre-miRNAs.! These miRNAs are distributed into 
three clusters: the BamH I fragment A rightward transcript (BART)-cluster 1, BART-cluster 2, and 
the BamH I fragment H rightward open reading frame 1 (BHRF1)-cluster. The BART-1 family of 
miRNAs is the most diverse and involved in viral replication and apoptosis. BART-2 miRNAs are 
linked to host-cell transformation and in the prevention of apoptosis, thereby contributing to onco- 
genesis. The third BHRF1-cluster, miRNAs typically influence genes related to immune evasion.% 

Expression of miRNA from each cluster is not co-regulated, but depending on the stage of 
latency, may vary (Wang et al., 2018). Some of the EBV miRNAs may work in a co-operative fash- 
ion to sustain viral latency.*! 

During the lytic replication cycle, EBV encoded proteins help in immune evasion, while miRNAs 
primarily serve this purpose during the latent cycle. EVB miRNAs target both the host mRNAs and 
the viral mRNAs, thus “fine tuning” gene regulation.*? Examples of EBV miRNAs-viral gene regu- 
lation include suppression of viral membrane antigens LMPI and LMP2 by the EBV miRNAs from 
BART-cluster 1 (ebv-miR-BART 16, ebv-miR-BART17-5p, and evb-miR-BART1-5p) to help escape 
immune surveillance. Alternatively, EBV miRNAs-cellular mRNA interaction can affect protein 
synthesis of key cytokines to reduce immune response. For example, EBV-miR-BHRF1-3 and the 
T-cell chemokine CXCL11; ebv-miR-BART2-5p and the NK ligand MCIB; and ebv-miR-BARTI5 
and NLRP3, a cellular protein that contributes to the production of pro-inflammatory cytokines such 
as IL-IB and IL-18. miR-BARTI and miR-BART2h miRNAs were also found to degrade the mRNA 
of the IL-12p40 subunit, thereby reducing IL-12B and IL-23 protein levels and leading to impaired 
T-cell differentiation from naive to Th1 cells.! 

EBV genome encodes several miRNAs, most of which have been implicated in oncogenesis.” 
This may be due to the large array of pro-apoptotic proteins or host tumor suppressor genes targeted 
by EBV miRNAs. A prominent cellular target of EBV miRNAs is the pro-apoptotic protein PUMA 
(p53-upregulated modulator of apoptosis), which is regulated by miR-BART5-5p.™% Zheng and col- 
leagues demonstrated that EBV miRNA miR-BART5-3p can inhibit the expression of the critical 
tumor suppressor gene p53 by directly targeting its 3’-UTR, contributing to tumorigenesis.*> The 
pro-apoptotic protein TOMM22 (translocase of outer mitochondrial membrane 22 homolog), part 
of the mitochondrial pore receptor complex for the pro-apoptotic protein BAX (BCL2-associated X 
protein), was identified as a potential target for ebv-miR-BART 16. So are the BCL2-associated death 
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promoter (BAD) protein, another target of the ebv-miR-BART20-5p, and the pro-apoptotic protein 
caspase 3 identified as being a target of ebv-miR-BART16 and ebv-miR-BART1-3p. Transport of 
EBV miRNAs from tumors into the blood stream has been implicated in the progression of EBV 
associated malignancies. This was demonstrated when EBV BART miRNAs were detected as extra- 
cellular vesicles secreted by LCLs and nasopharyngeal carcinoma (NPC) cells. BART1-5p, BARTS, 
BART7-3p, BART12, and BART 13 were also found in the circulating extracellular vesicles from 
NPC patients. Clinically, EBV miRNAs my prove to be promising biomarkers for detection of EBV 
related malignancies. EBV miR-BART3, miR-BART7, and miR-BART13 were highly expressed in 
EBV-positive NPC. A total of 12 BART miRNAs (miR-BART1-3p, 2-5p, 5, 6-3p, 6-5p, 7, 8, 9, 14, 
17-5p, 18-5p, and 19-3p) were validated to be upregulated in NPC tissues versus their non-tumorous 
biopsies.*° A negative regulatory role several BART-2 miRNAs was demonstrated for the DNA 
repair gene BRCA1 expression, which also increased the cell sensitivity to DNA damaging chemo- 
therapeutic drugs, cisplatin and doxorubicin, thus facilitating novel NPC therapies.” 

Interestingly, EBV-positive lymphomas frequently possess large deletions in viral microRNA 
(miRNA) clusters, suggesting that some miRNAs negatively regulate tumorigenesis.”® 


10.5 HUMAN CYTOMEGALOVIRUS AND ASSOCIATED MICRORNAS 


The human cytomegalovirus (HCMV) is a beta herpes virus with a 230 kbp double stranded DNA, 
implicated in congenital infections that can be transmitted across the placental barrier, infected body 
fluids, and organ transplantation.” HCMV infect a broad range of cell types via varied mechanisms. 
Among all Herpesviridae, HCMV has the largest genome. HCMV infection in the immunocompro- 
mised and individuals undergoing immunosuppressive treatments can be life threatening. 

Like other herpes viruses, HCMV miRNAs have been demonstrated to play a crucial role in host 
immune evasion for viral proliferation/maintaining latency. However, unlike EBV, HCMV miRNAs 
are not clustered in the viral genome.! The HCMV miRNAs are designated as UL or US miRNAs 
based on their location within the HCMV genome. A total of 26 such miRNAs have been identi- 
fied along with potential targets, scattered throughout the genome. There is no clear-cut distinction 
between the function of the UL and US-encoded miRNAs, although it may be possible that the 
expression and function of each isolated HCMV miRNA may be regulated by its own regulatory 
sequence.* 

This section highlights the regulatory strategies and targets of HCMV encoded miRNAs. 
Cytokine regulation by HCMV miRNA (miR-UL148D-1) was demonstrated for ACVR1B gene to 
limit IL-6 and RANTES/CCLS secretion.*! Similarly, the HCMV miRs UL112-3p, US5-1, UL112- 
1, US25-1-5p, and UL148D target multiple host inflammatory genes, with the result of mitigation 
of inflammatory response. Furthermore, miR-UL112-3p was shown to target the TLR2 transcript to 
limit signaling through the TLR2-IRAK1 axis and block NF«B activation.” Although some HCMV 
miRNAs and their targets have been reported, many more miRNAs, their target antiviral mecha- 
nisms, and their biological functions still remain unclear. A recent study reported for the first time 
the role of HCMV miRNA hcmy-miR-US33as-5p in targeting the IFN signaling pathway during 
both lytic and latent infection.” 

Herpes viruses are able to maintain latency within the host by targeting viral transcripts. Several 
HCMV miRNAs, such as miR-UL148D and miR-US22, have been reported to play a key role in 
latency as well as reactivation. Interestingly, unlike other herpes viruses, very few HCMV miRNAs 
have been reported to target viral transcripts, although HCMV miR-UL112-1 was shown to down- 
regulate the major immediate early trans activator, IE72, resulting in a reduction of viral replica- 
tion and promotion of latency. HCMV miR-US5-1 miRNA was shown to regulate the kinetics of 
expression of the DNA replication inhibitor Geminin (GMNN) in order to sustain latency. 

miRNAs also influence the viral ability to either switch between or maintain lytic/latent replication. 
HCMV miRNAs involved in the lytic phase of HCMV infection include miR-112-1, miR-US25-5p 
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and miR-US29-5p; whereas, miR-UL36, miR-112-3p, miR-US5-2, miR-US22-5p, miRUS25-1-5p, 
miR-US25-2-5p, and miR-US29-3p are involved in the latent phase of the infection.! 

HCMV have been shown to antagonize the innate antiviral immune response via the HCMV- 
encoded miR-US25-1-5p miRNA that targets CD147/EMMPRIN, a type-I transmembrane glyco- 
protein of the immunoglobulin superfamily.** 


10.6 KAPOSI’S SARCOMA ASSOCIATED HERPESVIRUS AND ASSOCIATED 
MICRORNAS 


Kaposi’s sarcoma-associated herpesvirus (KSHV) is a double-stranded gamma herpes virus. This 
DNA oncovirus is the causative agent for Kaposi’s sarcoma (KS), primary effusion lymphoma, and 
multicentric Castleman disease, commonly seen in immunocompromised individuals.*> Similar to 
other herpesviruses, KSHV also exhibits latent and lytic life cycle phases. KSHV express 13 pre- 
cursor miRNAs that generate 25 mature miRNAs, the majority of which are implicated in tumor 
genesis and immune evasion. Individual miRNAs may be expressed at up to 2,200 copies per cell.“ 
Across the KSHV genome, the miRNAs appear to be clustered in the K12 intron and K12 ORF, so 
are designated as miR-K12-n. KSHV miRNAs are key to the establishment and maintenance of the 
latent infection/oncogenesis in vivo.56 

During a latent infection, KSHV expresses a number of viral genes that confer anti-apoptotic, 
inflammatory, and angiogenic benefits to the infected cell. The major latent genes expressed by 
KHSV are latency-associated nuclear antigen (LANA), vCyclin; ORF72, vFLIP, kaposin (K12), and 
a cluster of viral microRNAs, all of which are located within the KSHV latency associated region 
(KLAR). KSHV miRNAs that are typically enhanced during the viral-lytic phase are ones originat- 
ing from pre-miR-K 10 and pre-miR-K12 pre-miRNAS." The delicate balance between these phases 
in KSHV is controlled by miRNAs. It was shown that the viral miRNA miR-K3 can suppress viral 
lytic replication and gene expression. This KSHV miRNA can further maintain latency by target- 
ing cellular transcriptions factor in infected cells. (Lu et al., 2010) KSHV miRNAs were shown to 
repress multiple mRNA targets in the STAT3 signaling cascade, deregulate cytokine-mediated gene 
activation, and suppress an interferon response, facilitating the lytic replication phase of the virus in 
an in vitro test system.*” 

A recent study demonstrated the role of KSHV miRNA in conferring antiapoptotic advantages to 
infected cells,** thus promoting oncogenesis. In addition, KSHV miRNAs have been shown to share 
seed sequences with cellular miRNAs, making them functional orthologs that are able to tap into 
established cellular miRNA target networks of the host. Three examples of this miRNA mimicry 
strategy include the miR-K12-10 (miR-142-3p ortholog) that inhibits the cellular TGF-B pathway 
to promote cell survival; miR-K12-3 (miR-23 ortholog) that inhibits caspases 3 and 7 to inhibit 
apoptosis; and miR-K12-11 (miR-155 ortholog) that suppresses several of the interferon response 
signaling pathway components to and promote cell survival.” 

KSHV miRNAs have evolved to successfully target host cellular genes to their advantage and are 
often key proteins with broad influence on cell function. For example, KSHV miRNAs miR-K12-1 
and miR-K12-7, have been shown to target MICB mRNA and subsequently reduce the protein 
expression by inhibition of translation in order to evade natural killer (NK) cell detection.” 

miR-K12-5 was demonstrated to mitigate both mRNA and protein expression of MYD88, a 
cytosolic protein involved in toll like receptor/IL-1R signaling that is central to the innate and adap- 
tive immune response arms. KSHV miR-K1 enhances the NF-«B pathway activity by directly tar- 
geting the key component IkB to inhibit viral lytic replication. Furthermore, KSHV v-miRNAs 
reduce expression of C/EBPB p20 (LIP), a known negative regulator of IL6 and IL10 cytokines, 
to regulate the cytokine signaling in infected cells.! KSHV miRNAs (miR-K12-1, miR-K12-3-3p, 
miR-K12-6-3p, and miR-K12-11) have also been shown to influence the cell cycle regulation of the 
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host in order to indirectly promote viral pathogenesis by acting on key genes such as p21, p53, and 
Thrombospondin 1 (THBS1) involved in cell cycle progression.” 


10.7 HERPES SIMPLEX VIRUS AND ASSOCIATED MICRORNAS 


Herpes simplex virus (HSV) is a widely disseminated human pathogen. Once infected, HSV infec- 
tions remain dormant in the host. Occasionally, the virus can reactivate and cause recurrent disease, 
thus establishing a lifelong infection. The most frequent form of transmission is by physical contact 
with infected lesions or body fluids. HSV-1 and HSV-2 are the two closely related members of this 
group of viruses responsible for the development of oral and genital lesions, eczema, conjunctivitis, 
etc. HSV are spherical, measuring 120-200 nm in diameter, with a double stranded linear DNA core. 
HSV are successfully able to employ a range of strategies to maintain latency within the infected host. 
These include latency-associated transcripts (LATs), less characterized non-coding RNAs (ncRNAs), 
coding RNAs, and more recently, miRNAs. Another strategy adopted by HSV seem to involve modu- 
lation of host miRNAs to promote a favourable environment facilitating viral replication.*° 

HSV-1 and HSV-2 are known to encode 27 and 24 functional miRNAs, respectively. These are 
also known to share functional miRNA homologs.* These miRNAs are not clustered nor desig- 
nated in groups, but are situated in a small segment of the genome. Some of the HSV-1 and HSV-2 
miRNAs share the same seed sequence.! Most HSV miRNAs have been described to function dur- 
ing either the reactivation or in the latency phase of viral infection, and not so much to evade host 
immune response. This may be attributed to the fact that most of the miRNA targets of HSV seem 
to be of viral origin.! HS V-1-encoded miR-H2-3p was shown to attenuate cytosolic DNA-stimulated 
antiviral immune response by manipulating host DNA sensor molecule DDX41 to enhance virus 
replication in cultured cells.*! HSV-1 microRNAs (miR-H28 and miR-H29) may be expressed late 
during an infection cycle and exported in exosomes.*? HSV-1 miRNA miR-H2 bears a complete 
sequence complementarity to ICPO (viral gene activator). Although inhibition of ICPO expression 
by miR-H2 has been hypothesized to explain HSV latency, a recent study reported otherwise in 
cultured cells. Currently, there is very little knowledge on the functions of HSV miRNAs, and the 
area needs further elucidation.” 
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11.1 INTRODUCTION 


Cystic fibrosis is an autosomal recessive genetic disease occurring due to mutations in the cystic 
fibrosis transmembrane conductance regulator (CFTR) gene (Yang et al., 2019) which is comprised 
of 27 exons and is situated on the long arm of chromosome 7 (Burney and Davies, 2012). The 
disease is known to have a prevalence of roughly 1:2,500 and a carrier rate of around 1:25 within 
the Caucasian population, along with estimated worldwide numbers of 60,000 to 70,000 affected 
patients (Thursfield and Davies, 2012). Almost 2,000 distinct CFTR variants have been identified. 
However, more research is needed to understand whether many of these variants cause disease or 
not; the complete information of the same is provided on the following link (http://www.genet. 
sickkids.on.ca/app) (Yan et al., 2019). CFTR gene mutation leads to dysfunction affecting the 
functions of many organs; however, lung disease is responsible for the vast majority of mortality in 
patients with cystic fibrosis. The cystic fibrosis phenotype is designated by progressive lung disease 
that, over time, limits the ability to breath properly, exocrine pancreatic insufficiency that results 
in intestinal abnormalities, and gastrointestinal malabsorption leading to malnutrition, impaired 
growth, and also a variety of other manifestations that include sinusitis and diabetes (Ratjen et al., 
2015). The disease is also characterized by malabsorption of fat and protein, fatty stools, growth 
failure, and pulmonary infection (Davis, 2006). The male reproductive tract is another targeted area 
that leads to bilateral absence of the vas deferens and resultant obstructive azoospermia in 98% of 
male patients (Thursfield and Davies, 2013). Abnormally high rates of sodium and water absorp- 
tion are found in cystic fibrosis airway epithelia that are responsible for dehydration of the airway 
surface liquid (Burney and Davies, 2012). The mechanism behind dehydration is that the cystic 
fibrosis lung disease exemplifies how the defective functioning of a single ion channel, (i.e., CFTR 
ion channel) results in serious disturbances in airway surface liquid (ASL) physiology. With the 
loss of CFTR function in cystic fibrosis epithelial cells, Cl— is retained within the epithelial cells, 
while Na* absorption by epithelial sodium channel (ENaC) will increase, resulting in augmented 
epithelial cytosolic NaCl contents. This augmented cytosolic contents of NaCl in epithelial cells 
produce an osmotic drive promoting net movement of water from the airway surface liquid (ASL) 
layer into the epithelial cells, thus leading to ASL layer dehydration (Lewis, Patial, and Saini, 
2019); once the airway surface gets dehydrated, mucociliary clearance fails to remove any of the 
inhaled bacteria, which is responsible for infecting lower airways, finally causing inflammation. 
Also the appearance of various inflammatory cell contents, such as DNA and elastase in the air- 
way, leads to increased mucus viscosity and contributes to tissue breakdown. (Burney and Davies, 
2012.) 
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11.2 HISTORY OF CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE 
REGULATOR (CFTR) GENE 


The study on the CFTR gene started in 1981 when Michael Knowles and colleagues revealed that 
there is abnormal potential difference in the nasal mucosa of patients with cystic fibrosis, which pro- 
vides the direct evidence of primary epithelial dysfunction (Knowles et al., 1981). In 1983, Quinton 
observed that the chloride impermeability in sweat glands was the basis for raised sweat electrolytes 
in patients with cystic fibrosis (Quinton, 1983). The important advances were observed for the basic 
defect as a cell membrane transport problem, which provided the first description of a basic cellular 
defect that has since then been seen in all cystic fibrosis affected cells. It was observed that the prob- 
lems with the mucus were not due to abnormalities with its synthesis or any change in composition; 
rather with the fluid environment into which it was secreted. From the early 1980s, various groups 
tried ‘reverse genetics’ to identify the Cystic Fibrosis Gene, as the protein was unknown. The stud- 
ies were carried out on families with more than one affected child. In 1985, using ‘reverse genetics,’ 
Eiberg in Copenhagen exhibited a linkage to the enzyme paraoxinase, which exists in two forms, but 
is present in the same form in 90% of CF siblings (Eiberg et al., 1985). In the same year, experiments 
were carried out by Lap-Chee Tsui in Toronto on a mouse, revealing a marker on chromosome 7 that 
was linked to both paraoxinase and cystic fibrosis (Tsui et al., 1985) Finally in 1989, the CF gene 
was identified by Lap-Chee Tsui, Francis Collins, and Jack Riordan and was termed as the ‘cystic 
fibrosis transmembrane conductance regulator’ (Littlewood, 2007). 


11.3 PATHOPHYSIOLOGY OF CFTR GENE 


The disease is caused by mutations in the CFTR gene. This gene is a unique member of the ATP- 
binding cassette (ABC) or traffic ATPase family of genes, which carries a regulatory domain that 
is actively phosphorylated. The gene encodes for a 1,480-amino-acid protein known as the cys- 
tic fibrosis transmembrane conductance regulator (CFTR) (Lane and Doe, 2014); this regulator 
functions primarily as an apical anion channel of chloride and bicarbonate, instead of acting as an 
active pump. The gene includes two nucleotide-binding domains (NBDs), encoding sites capable 
of binding and hydrolyzing ATP (Walker A and B motifs) and membrane-spanning domains, which 
function as the ion channel pore through the plasma membrane (Ratjen et al., 2015). The domain 
layout is illustrated in Figure 11.1 (Turnbull, Rosser, and Cyr, 2007). In both the respiratory and 


ER Lumen 


ER Membrane ER Membrane 


Cytosol 


FIGURE 11.1 CFTR domain layout in the ER membrane lipid bilayer during ATP hydrolysis, depicting the 
membrane spanning domains (MSD), nucleotide binding domains (NBD) and regulatory domain (R). 


(Turnbull, Rosser, and Cyr, 2007.) 
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gastrointestinal tracts, bicarbonate is responsible for driving the ionic content. On the epithelial 
surfaces, bicarbonate allows mucins to unfold and become slippery, contributing to innate immu- 
nity, whereas in the GI tract it neutralizes gastric acid to support digestion and absorption. When 
CFTR is dysfunctional, there is less bicarbonate secretion, hence, this disfunction is responsible for 
disruption of these normal processes that directly lead to the clinical symptoms and signs of Cystic 
Fibrosis (Borowitz, 2015). As the person ages, the mucus becomes increasingly concentrated, lead- 
ing to reduced mucociliary clearance, which results in the development of chronic polymicrobial 
infection with microbes like staphylococcus aureus, H-Influenzae, Pseudomonas aeruginosa, etc. 
(Mall and Stuart Elborn, 2014). 


11.4 IONIC CONTENT AND FLUID ON EPITHELIAL SURFACES 


As the CFTR gene is responsible for secretion of bicarbonate and chloride, it works as a chloride- 
bicarbonate exchanger and is known to have an exchange of one chloride molecule for two bicar- 
bonate molecules by the apical chloride-bicarbonate exchanger in the SLC26 family. In addition 
to direct conductance of ions through CFTR, local pH affects the proteins that act on different 
ion channels, and most specifically in the airways (Borowitz, 2015). Normal airway surface liquid 
(ASL) has a pH of around 7.0, with the bicarbonate concentration of 10 to 20 mMol. The litera- 
ture describes the evidence that airway surface liquid pH is controlled by bicarbonate secretion via 
CFTR and other secreted proteins. Airways clearances are also affected by changes in pH, based 
on the observation that transient acidification of normal airway surface liquid increases the rate of 
airway surface liquid absorption by the epithelia, while alkalinization of airway surface liquid leads 
to a slowing of airway surface liquid absorption and transiently restores airway surface liquid height 
into the normal range. Thus an epithelial sodium channel (ENaC) plays a major role in ionic content 
and fluid on the airway epithelial surface (Borowitz, 2015). Prostasin, a membrane-anchored serine 
protease with a trypsin-like substrate specificity, is required to activate ENaC but is inactive below 
pH 7.0. Another regulatory protein is a short palate lung and nasal epithelial clone 1 (SPLUNCI, 
also known as BPIFA1) that has been shown to be a pH-sensitive regulator of ENaC that is not able 
to inhibit ENaC within the acidic cystic fibrosis airway environment (Garland et al., 2013). Hence, 
CFTR is responsible for controlling ENaC by regulating the local acid—base balance. Hence, both 
the gastrointestinal tract and airways are responsible for bicarbonate secretion, which regulates ionic 
content and fluid secretion on the epithelial surfaces (Borowitz, 2015). Although the ‘low volume’ 
hypothesis, (Boucher, 2007) suggests that decrease in the transepithelial chloride transport due to 
mutated CFTR and increase in transepithelial sodium absorption due to lack of CFTR-dependent 
inhibition of the epithelial sodium channel leads to an increase in water absorption into the tissue 
and, therefore, decreases airway surface liquid and mucociliary clearance (Uta Griesenbach, Pytel, 
and Alton, 2015). The work of chloride secretion is not only limited to CFTR—calcium-dependent 
chloride channels but it may also act as alternative channels if CFTR is non-functioning. There 
are at minimum two agents that stimulate this secretion, which are in clinical trials. Denufosol has 
been shown to stimulate chloride secretion (Accurso et al., 2008). The other drug is Lancovutide or 
Moli1901, which has been shown to improve Nasal Potential Difference (NPD) when applied to the 
nasal epithelium (Grasemann et al., 2007). 


11.5 ROLE OF CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE 
REGULATOR (CFTR) 


The role of CFTR in the human lung is not clearly understood, but during animal studies mostly 
in lambs it is found that there is active chloride secretion in the lung early in the gestation period, 
which leads to the production of the fetal lung liquid. But few days before birth, the amount of fluid 
secretion falls, and after birth the lungs absorb rather than secreting the fluid through the sodium 
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absorption; whereas in the humans, the gene encoding CFTR is expressed throughout the gesta- 
tion, which becomes localized to the airway in the third trimester of pregnancy. After birth, most 
CFTR expression occurs in the serous cells of the submucosal gland; however after a period of two 
years from birth, the percentage of serous cells increases, and a few new glands are formed that 
also increases the gland area. The gland is not able to approach the form characteristic of an adult 
until 13 years of age; this is relevant if the submucosal glands are to be targeted by gene therapy in 
youngsters. At present, epithelial cells of the airway are targeted; also, it is estimated that as little 
as 6% of cells need to be transfected to correct the chloride defect (Jaffe et al., 1999). CFTR also 
has a crucial role in the conduction of anions across epithelia to manage the pH, mucus viscosity of 
liquid secretions, and volume (Pezzulo et al., 2012; Wine et al., 2018). The gene interacts with other 
ion channels, such as the epithelial sodium channel (ENaC), to regulate the fluid movement across 
epithelia, and thus can have cell-intrinsic functions based on the composition of other channels co- 
expressed with CFTR (Shei et al., 2018). The epithelial sodium channel is multimeric transmem- 
brane protein consisting of three subunits (20, 18, and ly), all contributing to the central channel 
pore. Following the cloning of epithelial sodium channel subunits and co-expression of CFTR and 
ENaC in heterologous cells manifested that cAMP-dependent activation of wild type but not mutant 
CFTR results in inhibition of epithelial sodium channel activity. Findings lead to the hypothesis that 
CFTR dysfunction results in the basic defect of epithelial ion transport, which is characterized by 
deficient cAMP dependent anion secretion and abnormal ENaC-mediated sodium absorption across 
cystic fibrosis surfaces(Mall and Stuart Elborn, 2014); also in case of diabetes, abnormal chloride 
channel function due to cystic fibrosis results in thick viscous secretions, causing obstructive dam- 
age to the exocrine pancreas, with progressive fibrosis and fatty infiltration. This leads to disrup- 
tion and destruction of islet architecture, resulting in loss of endocrine beta, alpha, and pancreatic 
polypeptide cells (O’ Riordan et al., 2009). Also, CFTR is known to act as a receptor for the binding, 
endocytosing, and clearing of the pseudomonas aeruginosa, but due to dysfunction in the CFTR 
gene, this important function is absent in patients with cystic fibrosis. So, defected genes lead to an 
increase in the binding sites for bacteria, which causes inflammation (Jaffe et al., 1999). 


11.6 CYSTIC FIBROSIS RELATED LUNG DISEASE 


As cystic fibrosis widely affects lungs due to accumulation of mucus in the airway epithelium, 
therefore, the study of airway epithelium provides the ways to overcome the mucus accumulation 
and progression of further lung destruction. Airway epithelium act as a barrier to numerous patho- 
gens and foreign particles, thereby preventing infection and tissue injury by secreting the mucus 
and through the action of mucociliary clearance. There are four main types of respiratory epithelial 
cells, such as ciliated cells, goblet cells, club cells, and airway basal cells. The ciliated cells serve as 
the main component in the mucociliary clearance mechanism each epithelial cell is known to have 
around 200 cilia that beat constantly at a rate of between 10 and 20 times/second. Goblet cells are 
columnar epithelial cells that secrete mucus as part of the airway surface liquid; the composition of 
goblet cells is tightly regulated by mucus that helps to maintain epithelial moisture, and also traps 
particulate material and pathogens moving through the airway and determines how well mucocili- 
ary clearance works. The basal cells are small, nearly cuboidal cells that responds to injury of the 
airway epithelium, migrating to cover a site and finally differentiating to restore a healthy epithelial 
cell layer. Club cells carry out the same functions in the more distal airways (Wikipedia The free 
encyclopedia, 2021). Topical delivery of gene transfer agents to the lung is currently the most pre- 
ferred method for airway gene transfer. But before the gene transfer agents reach the surface of the 
epithelial cells, they have to overcome a huge number of extracellular physical and immunological 
barriers (Ferrari et al., 2003; Weiss, 2002). It has been observed that mucus extensively reduces the 
transfection efficiency of most viral and non-viral gene transfer agents. However, transfection effi- 
ciency can be increased by prior treatment with mucolytics or anticholinergic drug glycopyrrolate, 
both in vitro and in vivo (Ferrari, Geddes, and Alton, 2002). 
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11.7 SIGNS AND SYMPTOMS OF CYSTIC FIBROSIS 
11.7.1 RESPIRATORY SYMPTOMS 


Various respiratory symptoms are observed that involve recurrent pneumonia, bronchiolitis, staphy- 
lococcal pneumonia, persistent pneumonia, and pansinusitis (Stern, 1997). 


11.7.2 GASTRO-ENTEROLOGIC SYMPTOMS 


This includes voluminous, foul-smelling stools, failure of proper growth during infancy and child- 
hood, distal intestinal obstruction in children and young adults, rectal prolapse, intussusception in 
childhood or adolescence, hepatic cirrhosis, cholelithiasis, or pancreatitis before the age of 30, and 
deficiency of vitamin A, D, E, or K (Stern, 1997). 


11.7.3 MISCELLANEOUS SYMPTOMS 


Other symptoms observed are salty-tasting skin, hyponatremic dehydration or metabolic alka- 
losis in infancy, and recurrent hyponatremic heat prostration in adults, clubbing in children and 
young adults, azoospermia, congenital absence of the vas deferens, hypoproteinemia, or anasarca 
(in infancy) (Stern, 1997), lack of appetite, loss of taste along with abdominal pain, and flatulence 
(Tabori et al., 2017). 


11.7.4 SYMPTOMS THAT MAY INDICATE THE PRESENCE OF CFRD (Cystic FIBROSIS 
RELATED DIABETES) 


Patients with cystic fibrosis related diabetes are observed to have symptoms as unexplained poly- 
uria, failure to maintain weight, delayed progression of puberty, and unexplained chronic decline in 
pulmonary function (O’ Riordan et al., 2009). 


11.8 DIAGNOSIS 


Various diagnostic tests are performed to identify the persons with cystic fibrosis. The following 
section summarizes all of them. 


11.8.1 Sweat TESTING 


The identification of cystic fibrosis can be made on the concept of a sweat chloride concentra- 
tion of 60 mEq/L or bigger, plus either a sibling or first cousin with cystic fibrosis or a person 
having the respiratory illness of an applicable character or patient with pancreatic insufficiency 
(Davis, 2006). Sweat chloride concentration is known to be the standard screening test. Tests that 
are frequently strongly positive (chloride concentration, > 80 mmol/liter) along with a characteris- 
tic clinical manifestation or a family history confirms the diagnosis. Although most of the patients 
have sweat chloride concentrations (60 to 79 mmol/liter), some have minimally abnormal concen- 
trations (40 to 59 mmol/liter in childhood and slightly higher concentrations in adults), but some 
patients having normal sweat chloride concentrations are known to have cystic fibrosis. In some 
cases, sweat chloride measurements can be incorrectly low if the sweat sample is inadequate or if 
the patient has edema (Stern, 1997). However, in most cases the diagnosis of cystic fibrosis can be 
confirmed by measurement of chloride concentration in sweat after iontophoresis of pilocarpine. 
Sweat testing should be carried out in accordance with the rules of the National Committee for 
Clinical Laboratory Standards. The only acceptable procedure is the quantitative pilocarpine ionto- 
phoresis sweat test. A minimum acceptable volume (15 ul for the Wescor Macroduct coil system) 


Gene Therapy and Small Molecules Used in the Treatment of Cystic Fibrosis 145 


or weight (75 mg for the Gibson-Cooke procedure) of sweat must be collected during a 30 minute 
period to ensure an average sweat rate of more than 1gm/m?’/min (LeGrys et al., 1994). Alternative 
sweat test procedures are direct-reading conductivity measurements (Kopito and Shwachman, 1969) 
or a paper-patch indicator system which involves the chloride concentration test; the patch contains 
an inner white circular area surrounded by an outer brown circular area, with a small rectangular tab 
extending from it. This patch is designed in such a way that the border between the inner and outer 
circular areas breaks, and thus, the original brown area turns white whenever the chloride concen- 
tration reaches approximately 45 mEq/l (Yeung et al., 1984). However, the described tests show an 
incidence of false-positive and false-negative results. Hence, they should never be used as the basis 
of a definitive CF diagnosis (Rosenstein and Cutting, 1998). 


11.8.1.1 Interpretation of Sweat Test 

For the interpretation of results, values of sweat chloride have been applied to all patients regardless 
of age [i.e., normal (<39 mmol/liter), intermediate (40 to 59 mmol/liter), and abnormal (260 mmol/ 
liter)]. Sweat chloride values in infancy were found by carrying out the study on 103 infants with- 
out CF. The value was found as a mean sweat chloride value (+1 standard deviation) of 23.3 + 5.7 
mmol/L at age 3 to 7 days, which decreases further to 17.6 + 5.6 mmol/L by age 8 to 14 days, and 
finally to 13.1 + 7.4 mmol/L after age 6 weeks.(Farrell et al., 2008). 


11.8.2 GENOTYPING 


Although 500 cystic fibrosis transmembrane conductance regulator (CFTR) mutations related to 
cystic fibrosis are known (Stern, 1997), the commercially available probes tests are only for 70 
CFTR mutations. Even though these 70 mutations can be used to identify more than 90% of all 
cystic fibrosis genes, failure to seek out two abnormal genes does not rule out the disease. It was 
found that in approximately 1% of patients with the disease no abnormal gene can be found, and in 
about 18% more, only one abnormal gene will be identified. Even if both genes are abnormal, the 
patient might have an ameliorating or neutralizing second mutation somewhere else. For example, 
patients homozygous for delta F508 (the most common CFTR mutation) have normal sweat electro- 
lyte concentrations if a second mutation R553Q is also present (Dörk et al., 1991). So, the fusion of 
two cystic fibrosis mutations plus abnormal concentration of sweat electrolytes is normally accepted 
as sufficient for diagnosis. Occasionally, family testing (genotyping or analysis of restriction-frag- 
ment-length polymorphisms) can provide additional information (Stern, 1997). 


11.8.3 SEMEN ANALYSIS 


Obstructive azoospermia holds to be strong evidence of cystic fibrosis and should be confirmed by 
testicular biopsy (Stern, 1997). 


11.8.4 Sinus RADIOGRAPHS 


Pansinusitis is almost common in cystic fibrosis; hence, its presence strongly suggests a diagnosis 
of cystic fibrosis (Stern, 1997). 


11.8.5 Tests OF EXOCRINE PANCREATIC FUNCTION 


Most clinicians accept the signs and symptoms of malabsorption and add on clear response to pan- 
creatic enzyme treatment as sufficient evidence of exocrine insufficiency (Stern, 1997). This test 
supports the diagnosis, but the gold standard (intubation, pancreatic-duct isolation, and analysis 
of secretions before and after stimulation with secretin and cholecystokinin) may be necessary to 
detect minute abnormalities (Lankisch, 1982). 
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11.8.6 NASAL POTENTIAL DIFFERENCE MEASUREMENTS 


Nasal potential difference measurements are measurements of the potential difference (voltage) 
that use as the reference electrode a saline-filled butterfly needle inserted subcutaneously within 
the forearm, and as the mucosal electrode, a saline-filled polyethylene tube that lightly touches the 
mucosa close to the anterior turbinate. The test should never be performed in patients that are recov- 
ering from an acute respiratory tract infection. The voltage measured (normal mean [+SD], —24.7 + 
0.9 mV; abnormal, —53 + 1.8 mV) correlates with the movement of sodium across cell membranes — 
a physiologic function rendered abnormal by mutant CFTR. As amiloride blocks the epithelium 
sodium channel, it leads to a large drop in potential difference, which is usually greater in patients 
with cystic fibrosis (73%) compared to those in normal subjects (53%). Hence, for a clearer idea, 
measurements are repeated with amiloride. Also, subsequent perfusion with a chloride-free solution 
and isoproterenol normally produces sharp increases in potential difference (of about 30 mV), but 
has little effect when CFTR function is abnormal. This test may demonstrate abnormal CFTR func- 
tion more reliably than the sweat test (Knowles, Paradiso, and Boucher, 1995). 


11.8.7 BRONCHOALVEOLAR LAVAGE 


The bronchoalveolar lavage procedure is basically done to collect a sample from the lungs for diag- 
nostic purpose. The results of diagnosis shows a high percentage of neutrophils (250% in patients 
with cystic fibrosis as compared with normal subjects having 3%); the presence of large numbers 
of neutrophils in lavage fluid, even in the absence of pathogens, is strong evidence of cystic fibrosis 
(Stern, 1997). 


11.8.8 RESPIRATORY TRACT MICROBIOLOGY 


Characterization of the respiratory microbial flora can be diagnostically helpful in the evaluation 
of patients with atypical features of cystic fibrosis. The predilection of Pseudomonas aeruginosa to 
colonize the respiratory tract in cystic fibrosis is documented. The presence of the mucoid pheno- 
type of P. aeruginosa within the respiratory tract, particularly if persistent, is highly suggestive of 
cystic fibrosis. Persistent colonization with other organisms also support diagnosis of cystic fibrosis, 
though many of the pathogens are also found in other conditions (Rosenstein and Cutting, 1998). 


11.8.9 NEWBORN SCREENING 


Patients can also be identified by newborn screening. Newborn screening is the nationwide program 
that helps to spot the babies born with cystic fibrosis and assist health care suppliers to take the 
mandatory steps to retain the babies as healthy as attainable. The immunoreactive trypsin test was 
done, in which results showed evidence that immunoreactive trypsin levels measured in blood spots 
collected at birth were increased in most patients with cystic fibrosis (Davis, 2006). 


11.9 NATIONAL REGISTRIES: THE CRUCIAL PROVISION TO MONITOR 
PROGRESS 


Data collection was becoming increasingly important for both the national and local Cystic Fibrosis 
centers. Hence, the Cystic Fibrosis Foundation’s Patient Registry was developed by Warren Warwick 
in 1964. In 1995, the UK Cystic Fibrosis (CF) Database replaced the original CF Survey started by 
the working party in 1982; the UK CF Database was replaced by CF Trust’s CF Registry in 2007. 
Currently; CF Trust’s CF Registry in 2019 is used, which gives complete information on data col- 
lection and currently available treatment strategies (Littlewood, 2007). 
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11.10 DIFFERENT CLASS MUTATIONS OF CYSTIC FIBROSIS 


Cystic fibrosis is caused due to class mutations. Some characteristics of class mutations are as 
follows. 

Class I defects account for up to 10% of all cystic fibrosis mutations and are found in more than 
60% of selected population groups, e.g., Israeli patients (Lane and Doe, 2014), 

The class II mutation i.e.,F508del accounts for two-third of all cystic fibrosis mutations world- 
wide, and about 50% of affected patients are homozygous for this mutation (Lane and Doe, 2014). 

Class III mutations works upon channel activation by preventing binding and hydrolysis of ATP 
at one of the two NBDs (NBD1 or NBD2) (Wilschanski, 2010). This class III mutation G551D 
accounts for about 5% of all CF mutations (Van Goor et al., 2009) 

Class IV mutations create a protein with impaired function due to abnormal anion conduction 
(Wilschanski, 2010) 

Class V mutations reduce the number of normally functioning CFTR molecules on the apical 
surface (Wilschanski, 2010). 

Class VI mutations result from truncation of the C terminus of CFTR, and produce a functional 
protein that is unstable at the apical membrane surface (Wilschanski, 2010). 

Details of various class mutations are given in Figure 11.2 and Table 11.1 (Cystic Fibrosis Trust, 
2014; Thursfield and Davies, 2013; Brodlie et al., 2015). 
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FIGURE 11.2 CFTR different class mutations. 
(Cystic Fibrosis Trust, 2014.) 
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TABLE 11.1 
Different Classes of CFTR Gene Mutation and Therapeutic Strategy to Overcome Mutation 


CFTR Protein 


Mutation Class Basic Defect Abnormality Old Name New Name Therapeutic Strategy 
I Nonsense Premature termination G542X G1y542X correctors (ataluren) 
mutations codon leads to a W1282X Trp1282X 
truncated protein with no 
function 
II Trafficking Misfolding causes the DeltaF508  PheS08del Corrector plus potentiator 
defect protein to fail to be N1303K Asn1303Lys (lumacaftor plus 
trafficked to the apical ivacaftor, VX-661 plus 
surface of the cell ivacaftor) 
III Gating defect Normal quantities of G551D Gly551Asp Potentiator (ivacaftor) 
CFTR protein reach the 


cell membrane but the 
channel remains closed, 
preventing normal 


function 
IV Decreased Protein reaches the apical R117H Arg117His Potentiator (ivacaftor) 
conductivity surface but conductance 


across the channel is 
poor due to the abnormal 
conformation 
V Splicing defect Decreased amounts of 38949 + c.3717 + NA 
CFTR reach the apical 10kbC.T 12191C.T 
membrane The CFTR 
that does, probably 
functions normally; 
hence, many patients 
with these mutations have 


a milder phenotype 
VI Decreased CFTR is functional but Q1412X Gln1412X NA 
half-life half-life is decreased, 


leading to overall 
decreased amount of 
CFTR present at the 

cell surface, and it may 
impair regulation of other 
channels 


Source: Thursfield and Davies (2013); Brodlie et al. (2015). 


11.11 TREATMENT OPTIONS 


Treatments Available for cystic fibrosis are Gene therapy, Small molecules used in the treatment 
of cystic fibrosis, Managing a good nutritional state in older children, Gastrointestinal therapies, 
Pulmonary therapies, Organ transplantations. 
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11.11.1 GENE THERAPY 


Gene therapy is outlined as a transfer of genetic material to cure a sickness or at least to enhance 
the clinical status of a patient. One of the basic ideas of gene therapy treatment is it transforms 
viruses into genetic shuttles, which could deliver the gene of interest into the target cells to treat the 
illness (Akhtar et al., 2011). Currently, two chiefly used approaches for genetic corrections of the 
cells are named as virus mediated and another via physical mechanisms from preparations obtained 
by advanced nanotechnology techniques. Target cell types of gene therapy are subdivided into two 
massive groups: gene therapy of the germline and gene therapy of somatic cells (Gonçalves and de 
Melo Alves Paiva, 2017). Gene therapy for treatment of the cystic fibrosis lung has been an energetic 
space of analysis. Advances created with delivery vehicles for gene therapy can inform development 
of delivery vehicles for gene editing. It’s vital to notice that the cargoes for gene therapy and gene 
editing likely will differ. Gene therapy delivers DNA with the goal of the introduced DNA persist- 
ing, whereas in gene editing, the gene editor need only be present long enough to accomplish the 
correction (Hodges and Conlon, 2019). 


11.11.1.1 Importance of Gene Therapy 


As gene therapy involves insertion of the correct gene in place of a mutated gene, this helps in the 
treatment of disease at the targeted site. Also, the success of providing CF patients with a gene 
therapy treatment can substantially improve their quality of life by preventing irreversible lung dam- 
age (Carlon, Vidović, and Birket, 2017). 


11.11.1.2 Challenges for Gene Therapy 


A respiratory organ is known to be a complex and tough organ due to the presence of various potent 
intracellular and extracellular barriers that have evolved to guard the lungs from foreign bodies, 
including bacteria, viruses, and gene transfer agents (Griesenbach, Pytel, and Alton, 2015). The 
most important challenges for gene therapy relate to technical difficulties caused by the mucus bar- 
rier and the innate and adaptive immune systems in the lung. From a structural perspective, the lung 
is well equipped to defend against particle uptake because of a mucus layer serving as a primary 
barrier. Thus, the physical barrier is intensified in patients with cystic fibrosis, who have a thicker 
and more viscous mucus layer that can impede the uptake of the vector and prevent its delivery to 
distal airways (Prickett and Jain, 2015). 


11.11.1.3 Gene Editing 


In recent years, gene editing has been promoted as a possible treatment strategy for many genetic 
diseases along with cystic fibrosis. This therapeutic approach permits mediation at the chromo- 
somal level of a specific gene, resulting in the correction of all disease-associated mutations. CFTR 
function can be saved by either editing the endogenous gene or inserting a wild kind CFTR at a 
safe harbor locus, such as AAVS1(Adeno-associated virus). The gene editing techniques that have 
been investigated as potential cystic fibrosis treatment approaches are zinc finger nucleases (ZFNs), 
transcription activator-like effector nucleases (TALENS), and clustered frequently interspaced pal- 
indromic repeats (CRISPR)/CRISPR-associated systems (Cas). It was found that ZFN-based gene 
editing successfully corrected the F508del mutation in CFTR29 cells (Lee et al., 2012) so employ- 
ing a similar approach, evoked pluripotent stem cells (IPSC) from CF patients were corrected and 
differentiated into airway-like epithelial cells by the TALEN gene editing technique (Suzuki et al., 
2016). The CRISPR/Cas technique that is capable of accurate correction without a mutagenic dou- 
ble-strand break is now available. Geurts et al. (2020) revealed the ability of base editor systems to 
recover the genetic modifications and functions of cystic fibrosis intestinal organoids. Consequently, 
the CRISPR/Cas gene editing system could function as a possible tool for cystic fibrosis treatment 
in the near future (Almughem et al., 2020). 
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11.11.1.4 Gene Transfer Involving Both Viral and Non-viral Gene Therapy 
11.11.1.4.1 Viral Vectors 


17.11.1.4.1.1 DNA Vectors 


17.11.1.4.1.1.1 Adeno-Associated Virus The adeno-associated virus (AAV) is a small single- 
stranded DNA virus belonging to the Parvovirus family; this virus lacks pathogenicity, hence is 
known to be good vector (Burney and Davies, 2012). The AAV genome consists of a 4.68-kb, 
linear single strand of deoxyribonucleic acid consisting of inverted terminal repeats and rep and 
cap proteins. These inverted terminal repeats represent 145 nucleotide of DNA and are absolutely 
required for integration, replication (ori), excision, and packaging. Single-stranded adeno-associated 
virus must be transformed into a double stranded form for gene expression (Guggino and Cebotaru, 
2020). As it is a small virus, large genes such as CFTR may be difficult to package, hence some 
researchers have tried to create a functional CFTR “mini gene,” using techniques such as cutting 
the CFTR gene in half and using the two complementary AAVs to solve the problem (Burney and 
Davies, 2012). AAV undergoes site specific stable integration into human chromosome 19 (Guggino 
and Cebotaru, 2020); and the virus gets entry into cells by binding to cell surface proteoglycans 
(sialic acid, galactose, or heparan sulfate) (Mietzsch et al., 2014) and also to cell surface receptors 
such as fibroblast growth factor receptor or integrins (Nonnenmacher and Weber, 2012). In 
addition, Faust and colleagues have revealed that depletion of CpG dinucleotides from the AAV 
vector reduces activation of Toll-like receptor 9 (TLR9)-mediated adaptive immune responses after 
the intramuscular injection of the vector, resulting in reduced inflammation and prolonged gene 
expression (Faust et al., 2013). Several other AAV isoforms, for example, either naturally occurring 
(e.g., AAVI, AAV5, and AAV6) or generated through rational design (e.g., AAV6.2) have been 
assessed in the lung, and some have shown that they have even higher transduction efficiency than 
the initial AAV2 vector (Griesenbach, Pytel, and Alton, 2015). In further studies, Yan and colleagues 
reported the generations of a chimeric virus that consist of a human bocavirus-1 (HBoV1) capsid, 
which comfortably accommodated an AAV2 genome carrying CFTR and patented transcriptional 
regulatory elements (Yan et al., 2013). The chimeric rAAV2/HBoV1 vector transduced polarized 
airway epithelial cells more efficiently than AAVI and AAV2 in vitro and corrected CFTR- 
dependent chloride transport in vitro (Griesenbach, Pytel, and Alton, 2015). Adeno-associated virus 
is advantageous for gene therapy as it has only two sets of genes involved in replication and capsid 
formation, and both these sets of genes are removed to produce a recombinant virus. To produce 
recombinant adeno-associated virus for cystic fibrosis gene therapy, basically three components are 
needed: CFTR cDNA with inverted terminal repeats (ITRs), plasmid containing the rep and cap 
genes, and a method for providing the helper function associated with the adenovirus (Guggino and 
Cebotaru, 2020). 


11.11.1.4.1.1.2 Adenovirus Adenoviruses belong to the family Adenoviridae. These are 
nonenveloped, double-stranded DNA viruses composed of a complex icosahedral capsid (Volpers 
and Kochanek, 2004) and (Saban et al., 2006). Studies realized that the coxsackie and adenovirus 
receptor (CAR) receptors are located on the basolateral rather than the apical membrane of 
airway epithelial cells that led to assessment of tight junction openers, such as sodium caprate and 
lysophosphatidylcholines, which showed moderate success (Griesenbach, Pytel, and Alton, 2015). 
The knob domain of the fiber binds to the coxsackie and adenovirus receptor (CAR) on the cell 
surface and facilitates virus entry, (Volpers and Kochanek, 2004) although integrin receptors, such 
as ovB3 and avp5 and the major histocompatibility complex (MHC) class I, may also play a role 
in virion—cell interaction. After arrival, the virus remains in an episomal state within the nucleus. 
In one research study, a serotype 2 adenoviral (Ad2) vector carrying the human CFTR cDNA was 
administrated nasally (Griesenbach, Pytel, and Alton, 2015). 
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11.11.1.4.1.2 RNA Vectors 


17.11.1.4.1.2.1 Sendai virus Sendai virus is a single-stranded RNA virus which belongs to the 
family of Paramyxoviridae. This virus is effective at transfecting airway epithelial cells, as sialic 
acid and cholesterol receptors are present on their apical surface (Burney and Davies, 2012). The 
key factors that are important for entry of virus into cells are the fusion (F) and hemagglutinin 
neuraminidase (HN) envelope proteins. The HN protein mediates virus—host cell attachment via 
sialic acid receptors whereas the F protein is essential in fusing virus and cell membranes, allowing 
the viral nucleocapsid to be released into the host cell (Griesenbach, Pytel, and Alton, 2015). 


11.11.1.4.1.2.2 Lentivirus  Lentiviruses are enveloped RNA viruses belonging to the family 
Retroviridae (Segura et al., 2013). Lentivirus has the capacity to transfect both dividing and non- 
dividing cells (Burney and Davies, 2012). This virus is known to transduce into dividing and 
nondividing cells, which makes them a suitable vector for transduction of terminally differentiated 
cells in the airways (Segura et al., 2013). Lentiviral vectors are more effective in escaping adaptive 
immune response mechanisms than adenoviral and adeno-associated viral vectors (Griesenbach, 
Pytel, and Alton, 2015). 


11.11.1.4.2 Other Viral Vectors 


Other viruses used are Human (HIV), simian (SIV) and feline (FIV) immunodeficiency virus, as 
well as equine infectious anemia virus (EJAV). Vector platforms are being developed for cystic 
fibrosis gene therapy. As these vectors do not have a natural tropism for the lung, pseudotyping with 
appropriate envelope proteins is required to achieve efficient transduction. The vesicular stomatitis 
virus G (VSVG) protein, which is widely used, does not transduce airway epithelium efficiently via 
the apical membrane, but the transduction efficiency of vesicular stomatitis virus G can be increased 
by pre-administration of the tight junction openers that allow access of the virus to the basolateral 
membrane (Griesenbach, Pytel, and Alton, 2015). 


11.11.1.4.3 Non-Viral Gene Therapy 


Nonviral gene transfer formulations consist of two components: one is nucleic acid, that is, the 
therapeutic cDNA and appropriate regulatory elements, and another is a carrier molecule that binds 
to the DNA. A large number of carrier molecules have been developed that may be characterized as 
either cationic lipids that form lipoplexes or cationic polymers that form polyplexes and combina- 
tion of both lipopolyplexes; but in preclinical studies these are found less economical than microbial 
vectors (Griesenbach, Pytel, and Alton, 2015) and (Montier et al., 2004). 


11.11.1.4.3.1 Cationic lipids The lipoplex approach is derived from the neutral liposomal 
delivery method that was first applied to nucleic acids in the 1970s (Montier et al., 2004). As neutral 
liposomes were known to have a poor encapsulation rate for nucleic acids, natural and artificial 
cationic lipids were subsequently enclosed within the complexes, yielding a ‘lipoplex.’ The addition 
of positive charges to the complex accelerated the interactions between the cationic lipids and 
the negatively charged nucleic acids, along with generated electrostatic interactions between the 
complex and the plasma membrane that enhanced gene transfer. In addition, this sort of structure 
permits the association and or transportation of larger DNA structures, as compared with viral 
vectors (Zhdanov et al., 2002). It was found that interaction between the lipoplex and the target cells 
is nonspecific to the cationic lipid in the lipoplex, hence, numerous targeting approaches have been 
investigated, along with incorporating peptides into the lipidic vesicles to hasten tissue targeting, 
particularly by antibodies, and incorporating glycosylated lipids for glycol-targeting (Montier et al., 
2004). Alton and colleagues, for the first time, administered the cationic lipid formulation GL67A 
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complexed with pCFTR to the lungs of U.K. patients with cystic fibrosis. The study conjointly 
showed that in contrast to the previous nose studies, administration of nonviral vectors to the 
lung caused gentle transient inflammation (Griesenbach, Pytel, and Alton, 2015). When cationic 
lipososmes are combined with DNA, they form particles of 100-500 nm in diameter that can easily 
penetrate cell membranes and enter cells. As the complex of the two is usually resistant to nuclease 
degradation, this process improves the gene therapy success rate (Burney and Davies, 2012). Hence, 
GL67 ([Cholest-5-en-3-0l(3b)- 3-[(3-aminopropyl)[4-[(3-aminopropyl)amino]butyl] carbamate]) 
emerged as a promising lipid for efficient lung transfection, based on structure-function studies 
(Conese et al., 2011). 


11.11.1.4.3.2 Cationic Polymers A second method of non-viral gene delivery consists of 
complexes of DNA and cationic polymers that induce DNA condensation and a considerable size 
reduction of the complex within the plasma. Various cationic polymers have been used to form 
polyplexes with DNA, like histidylated polylysine, polylysine, polyethyleneimine, polyamidoamine 
dendrimer, chitosan, and polyallylamine (Montier et al., 2004). The high molecular weight, large 
extent of polymerization, and high degree of polydispersity of cationic polymers renders their 
characterization difficult (Midoux and Pichon, 2002). Therefore, low molecular weight cationic 
peptides have been also developed to provide controlled synthesis and defined purity of the polymers 
(Montier et al., 2004). 


11.11.1.4.3.3 DNA Nanoparticles Nanoparticle formulation consisting of a single plasmid 
molecule compacted with polyethyleneglycol (PEG)-substituted polylysine (polymer of 30 lysines) 
has been developed. These particles have a rod-like structure with 12-15 nm diameter and 100- 150 
nm length. A single-dose escalation study to judge the safety of nasal administration into cystic 
fibrosis patients was allotted in 12 subjects. In addition of assessing safety, secondary end points 
included assessment of electrical correction of the ion transport defects and molecular analysis 
for the presence of vector-specific DNA and mRNA. Administration of the nanoparticles was 
considered safe. Partial correction of the chloride transport defect was manifested in seven out of 
12 patients, which persisted for up to 15 days (U. Griesenbach, Geddes, and Alton, 2004). Another 
study involves use of muco-inert nanoparticles in cystic fibrosis sputum pretreated with N-acetyl 
cysteine; it was found that if particles were densely coated with polyethylene glycol, they were able 
to penetrate the sputum. It was concluded that N-acetyl cysteine facilitated rapid diffusion of PEG- 
coated nanoparticles in CF sputum (Suk et al., 2011). 


11.11.1.4.3.4 Naked DNA The use of uncomplexed DNA is appealing since complexing 
agents themselves can increase toxicity. However without complexing agents, DNA is vulnerable 
to degradation (Ziady, Davis and Konstan, 2003). Naked DNA is known to have poor mobility in 
cytoplasm, although some tissues such as muscle or liver have excellent uptake, and expression of 
naked DNA has been demonstrated in airways, results of gene delivery with naked DNA applied to 
luminal surface have been mixed. Reports from a number of clinical trials have demonstrated that 
following luminal application, DNA alone is as effective or even more effective than DNA complexed 
to various carriers (Ziady, Davis and Konstan, 2003). Zabner and colleagues reported that similar 
levels of correction of nasal potential difference in cystic fibrosis patients was achieved with naked 
DNA as was obtained with DNA complexed to Genzyme’s lipid 67(N*-Cholesteryl-Spermine HCl 
salt), most efficient lipid (Zabner et al., 1997). 


11.11.1.4.3.5 Using an MRNA The use of the new strategy can be used to express CFTR in 
target cells by use of mRNA-based nonviral gene transfer (Conese et al., 2011). The advantage of 
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this approach is that the nuclear envelope, which is one of the major obstacles to nonviral gene 
therapy, doesn’t have to be overcome. In the past, mRNA-based gene therapy strategies were 
limited by the cost of producing large amounts of translatable mRNA. However currently, mRNA 
generated by in vitro transcription from plasmid templates can be obtained from commercial sources 
at reasonable costs. There have conjointly been issues regarding the stability of mRNA and handling 
issues. However, many papers have demonstrated that mRNA can be successfully used to express 
transgenes in mammalian cells and tissues. Moreover, this methodology doesn’t modify the genome, 
avoiding the danger of insertional mutagenesis (Conese et al., 2011). 


11.11.1.4.3.6 Using Antisense Oligonucleotide Since the CFTR gene mutation causes 
hyperactivation of the epithelial sodium channel (ENaC), the absorption of Na* ions is enhanced and 
the lung airway mucus becomes dehydrated. Hence, the inhibition of ENaC expression could serve 
as a promising therapeutic approach for the treatment of cystic fibrosis. One method for the inhibiting 
the expression of ENaC-encoding genes (SCNNIA, SCNNIB, SCNNIG, and SCNNID encoding 
a, P, y, and 5 ENaC subunits, respectively) involves the use of a single strand nucleic acid known as 
antisense oligonucleotide (ASO) (Almughem et al., 2020). When this oligonucleotide is hybridized 
to mRNA, RNase H is triggered to slice the hybridized mRNA. Targeting the a-subunit of ENaC 
in the respiratory organ, using ASO might inhibit the cationic channel activity (Almughem et al., 
2020). Another study showed the possibility of using aerosolized ENaC antisense oligonucleotide 
containing wing modifications to inhibit ENaC mRNA in CF-like mice models (Hajj and Whitehead, 
2017). This aerosolized ENaC antisense oligonucleotide helped to cure various cystic fibrosis 
symptoms, like airway hyper-responsiveness and inflammation (Crosby et al., 2017). 


Milestones in the development of gene therapy for treatment of cystic fibrosis and data of vari- 
ous viral and non-viral vectors used in clinical trials are illustrated in Tables 11.2 and 11.3 (Cooney, 
McCray, and Sinn, 2018; Prickett and Jain, 2015). 


TABLE 11.2 

Milestones in the Development of Gene Therapy for the Treatment of Cystic Fibrosis 

1989 CFTR gene was discovered 

1990 It was concluded that gene therapy is feasible for the treatment of cystic 
fibrosis 

1991 It was found that CFTR is Cl- channel 

1992-93 First cystic fibrosis mouse was generated 

1993-94 First adenovirus-CFTR clinical trial was conducted 

1994-96 Gene transfer studies with the help of adenovirus was completed in rats and 
non-human primates. 

1995-96 It was concluded that immune system is barrier to the treatment by 
adenovirus. Also first non-viral clinical trial was done. 

1996-97 Hepler dependent adenovirus was developed 

1997-98 It was found that EGTA lead to increased lentivirus, adeno-associated virus, 
and adenovirus transduction. 

1996-99 Efforts were made to block the immune responses of body to adenovirus 

1999-2000 First adeno-associated virus clinical trial was conducted 

2001 Last adenovirus-CFTR clinical trial was done 

2004-05 It was determined that proteasome inhibitor increases adeno-associated virus 
expression. 

2007-08 Last clinical trial for adeno-associated virus was completed 
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TABLE 11.2(Continued) 


Milestones in the Development of Gene Therapy for the Treatment of Cystic Fibrosis 


2008 
2002-09 


Cystic fibrosis pig was generated 


airway delivery. 


2013-14 
2016-17 


fibrosis in pigs 


2015-18 


Source: Cooney, McCray, and Sinn (2018). 


Gene editing of CFTR 


Study was conducted, and it was concluded lentivirus pseudotyping improves 


Helper dependent adenovirus was readministered in pigs 


Lentivirus and Adeno-associated virus were used for correction of cystic 


Note: CFTR — cystic fibrosis transmembrane conductance regulator, EGTA — ethylene glycol-bis(f-aminoethyl ether)- 


N,N,N’,N’-tetraacetic acid. 


TABLE 11.3 


Data of Various Viral and Non-Viral Vectors used in Clinical Trials 


Work Performed 


by Scientists Vector Route 
Crystal et al. Adenovirus Nose-lung 
Zuckerman et al. Adenovirus Lung 


Wagner et al. Adeno-associated Nose 
virus 


Flotte et al. Adeno-associated Nose-—lung 


virus 
Moss et al. Adeno-associated Lung 
virus 
Caplen et al. DC-Chol/DOPE Nose 
Porteous et al. DOTAP Nose 
Zabner et al. GL67 vs naked Nose 
pDNA 
Alton et al. GL67 Nose-lung 
Ruiz et al. GL67 Lung 
Konstan et al. DNA Nose 
nanoparticles 


Source: Prickett and Jain (2015). 


Safety Concerns 


Yes, shows transient 
inflammation at highest 
dose 

Flu-like symptoms 

No 


Well tolerated, possible 
side effects reported 
No 


No 


No 


No 


Flu-like symptoms 


Flu-like symptoms 
No 


Results 


NPD: variable CFTRmRNA: detectable 
in nose but not in lung 


Vector DNA: detectable 

NPD: partial correction CFTR mRNA: 
none detected 

NPD: unchanged 


FEV 1, sputum markers, antibiotic 
days: no improvement 

NPD: partial correction CFTR mRNA: 

not detected 

NPD: partial correction CFTR mRNA: 

detected in some 

NPD: significant response with both 

vectors CFTR mRNA: non detected 

NPD: significant correction CFTR 
mRNA: undetectable CFTR DNA: 
detectable 

CFTR mRNA: partially detectable 

NPD: partial correction CFTR DNA: 
detectable in treatment and some 


controls 


Note: CFTR - cystic fibrosis transmembrane conductance regulator, FEV1 — forced expiratory volume, NPD — nasal poten- 
tial difference, DC-Chol — 3b-[N-(N9, N9-dimethylaminoethane)-carbamoyl]-cholesterol, DOPE — 1,2-dioleoyl-sn- 
glycerol-phosphoethanolamine, DOTAP — 1,2-dioleoyl-3-trimethylammoniopropane, pDNA — plasmid DNA. 
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11.11.1.5  In-utero Gene Therapy for Cystic Fibrosis 

This technique allows targeting of tissues/organs which are inaccessible later in life and before 
early onset tissue damage occurs. The small size of the fetus also provides an advantageous vector 
to cell ratio, which is applicable for considerations of both efficiency and vector production costs. 
Successful fetal gene therapy could therefore offer prenatal prevention of disease (Waddington et al., 
2005). In utero gene therapy requires accurate prenatal diagnosis (Conese et al., 2011). 


11.11.2 SMmaAtt MOLECULES USED IN THE TREATMENT OF CysTIC FIBROSIS 


Although, the conventional therapy currently used for cystic fibrosis primarily controls only the dis- 
ease symptoms without treating the underlying cause, small molecules or CFTR modulators might 
reduce disease progression and enhance the patient’s quality of life. The recent discovery of CFTR 
modulators has provided a progress in CF treatment, since they can be used to improve and or prob- 
ably correct the CFTR function and other related complications. Fast developments in the field of 
drug discovery, owing to high-throughput screening technologies, have led to the screening of the 
activity of thousands of small molecules simultaneously, thus aiding the identification of molecules 
that enhance the function of defective CFTR proteins (Almughem et al., 2020). 


11.11.2.1 Potentiator 


The potentiator targets the CFTR protein on cell membranes, leading to the opening of CFTR ion 
channels and improving CFTR function (Almughem et al., 2020). This increases the function of 
CFTR channels, which are expressed at the apical surface of epithelial cells, and also are used 
in class III or IV CFTR mutations in which CFTR reaches the surface of cells but is dysfunc- 
tional (Brodlie et al., 2015). Ivacaftor (VX-770) is a small-molecule drug that is identified via high- 
throughput screening (HTS) involving a library of nearly 230,000 potential therapeutic compounds 
(Brodlie et al., 2015) Ivacaftor significantly increases chloride transport, increased airway surface 
liquid height, and cilia beat frequency in airway epithelial cells expressing Gly551Asp-CFTR muta- 
tion (Van Goor et al., 2009). It is the first FDA-approved potentiator drug and is used especially in 
cases of the G551D class III mutation that produces a defect in CFTR channel gating. Meanwhile, 
several other potentiators, like QBW251 and PTI-808, are in the process of undergoing clinical trials 
(Almughem et al., 2020). 


11.11.2.2 Stabilizer 


Stabilizers, like N91115 (Cavosonstat), are another class of modulators. They act by reducing mac- 
romolecule degradation within the endoplasmic reticulum and increasing macromolecule residence 
time on the cell membrane (Almughem et al., 2020). 


11.11.2.3 Corrector 


Correctors improve CFTR folding either by direct binding or by adapting protein homeostasis 
(Mijnders, Kleizen, and Braakman, 2017). This modulator corrects the misfolded CFTR protein, 
thereby restoring it to its original three-dimensional form. Thus, it accelerates the functioning of 
the CFTR protein through its movement toward the cell surface (Almughem et al., 2020). These 
also increase gating and conductance. The first two correctors identified by high-throughput screen- 
ing of a small-molecule library were bis-aminomethylbithiazole C4 (Corr-4a) and quinazolinole 
C3 (VRT-325) (Mijnders, Kleizen, and Braakman, 2017). VX-809 (Lumacaftor) is the first correc- 
tor to undergo extensive trials (Shanthikumar and Massie, 2017). It is used to correct the F508del 
mutation, the most common type of CF mutation. This helps avoid the ER-mediated degradation 
of the CFTR macromolecule by enhancing the interaction between the NBD1, MSD1, and MSD2 
domains (Almughem et al., 2020). VX-661 is considered to be an improved VX-809 analog. The 
correctors, VX-440, VX-152, and VX-659, are also studied in clinical trials (Mijnders, Kleizen, 
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and Braakman, 2017). Correctors GLPG2222 and GLPG2851 (C1) are additive to GLPG2737 and 
GLPG3221 (C2) and may be combined in therapy. GLPG2222 have structural similarities with 
VX-809 and VX-661 but is known to be more potent. Combinations of C1, C2, and a potentiator 
developed by Galapagos/ AbbVie significantly increase chloride transport over Orkambi (VX-809 
and VX-770) in vitro (Mijnders, Kleizen, and Braakman, 2017). Corrector modulators are usually 
used in combination with potentiator modulators in CF treatment. Examples are the FDA-approved 
Orkambi® (lumacaftor combined with ivacaftor) and Symdeko™ (tezacaftor combined with iva- 
caftor) (Almughem et al., 2020). The tezacaftor/ivacaftor combination has been shown to have 
fewer side effects, such as chest tightness and drug interactions, than lumacaftor/ivacaftor (Cystic 
Fibrosis Foundation ) Tezacaftor, in combination with Lumacaftor and Ivacaftor, have shown a 
promising moderate improvement (Fiore et al., 2019). On October 21 2019, the US Food and 
Drug Administration approved a new triple-combination therapy (elexacaftor/tezacaftor/ivacaftor), 
including two correctors and one potentiator combination, for individuals with CF who are aged 12 
years and older and have at least one allele with the F508del mutation (2019 PATIENT REGISTRY 
ANNUAL DATA REPORT, 2021). The efficacy of Trikafta in patients with cystic fibrosis aged 12 
years and older was manifested in two trials. The first trial consisted of a 24-weeks randomized, 
double-blind, placebo-controlled trial done on 403 patients who had an F508del mutation and a 
mutation on the second allele that results in either no CFTR protein or a CFTR protein which is not 
responsive to ivacaftor or tezacaftor/ivacaftor alone. The second trial was a 4-weeks randomized, 
double-blind, active-controlled trial with 107 patients who had two identical F508del mutations 
(U.S. Food & Drug Administration, 2019) 

In the United States (Trikafta™) has been recently approved for the treatment of CF patients 12 
years and older, carrying a minimum of one F508del mutation (Almughem et al., 2020). 


11.11.2.4 Amplifier 
Amplifiers are modulators that increase CFTR expression (Mijnders, Kleizen, and Braakman, 
2017). PTI-428 is an amplifier that increases the amount of CFTR mRNA and protein loaded on to 
the endoplasmic reticulum. The amplifier is usually combined, either with a corrector or potentiator 
modulator. These modulators play an important role in the treatment of most CFTR class mutations 
except class I mutation, owing to a premature termination codon mutation that leads to defective 
protein production. To overcome this drawback, a combination of an aminoglycoside antibiotic, like 
gentamicin or tobramycin, and PTC124 (Ataluren) is employed (Almughem et al., 2020). A small 
molecule HDAC7 inhibitor SAHAI not only amplifies F508del-CFTR expression, but also pro- 
motes significant transport of F508del-CFTR to the cell surface by reshaping CFTR’s proteostasis 
network (Mijnders, Kleizen, and Braakman, 2017). 

Details of various small molecules, their development stage and targeted applications are given 
in Table 11.4 (Almughem et al., 2020). 


11.11.3 MANAGING A Goop NUTRITIONAL STATE IN OLDER CHILDREN 


A good nutritional state can help manage the disease as a study showed that children affected with 
cystic fibrosis have a poor nutritional state (Littlewood, 2007). 


11.11.4 GASTROINTESTINAL THERAPIES 


Various GI therapies are prescribed as proton pump inhibitors that are prescribed more often than 
H2 blockers, along with vitamins A, D, E and K. Also, individuals with abnormal liver function were 
prescribed ursodeoxycholic acid (2019 patient registry). 
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TABLE 11.4 
Small Molecules: Their Development Stage and Targeted Applications 


Name Therapeutic Approach Target CFTR Mutations Development Stage 
Ivacaftor Potentiator Class III (G551D mutation) FDA-Approved, 2012 
N91115 (Cavosonstat) Stabilizer Class II (F508del homozygous) Phase II/Discontinued 


Class II (F508del homozygous) FDA-Approved, 2015 
Class II (F508del homozygous) FDA-Approved, 2018 
Class II (F508del heterozygous) FDA-Approved, 2019 


Orkambi (lumacaftor + ivacaftor) Corrector + potentiator 


Symdeko™ (tezacaftor + ivacaftor) Corrector + potentiator 


Trikafta™ (ivacaftor + tezacaftor+ Potentiator + corrector + 


elexacaftor) 
PTI-801/PTI-808 /PTI-428 


PTC124 (Ataluren) 


Duramycin 


Denufosol 


SPX-101 


corrector 

Corrector + potentiator + 
amplifier 

Read-through 

Cl- stimulator through 
CaCCs 

Cl- stimulator through 
CaCCs 

ENaC inhibitor 


Class II (F508del homozygous) 


Class I (PTC mutation) 


Phase II 


Phase III/Discontinued 
Phase II/Discontinued 


Phase III/Discontinued 


Phase II 


Source: Almughem et al. (2020). 


11.11.5 PULMONARY THERAPIES 


Various pulmonary therapies are prescribed, e.g., bronchodilators, azithromycin, dornase alfa, and 
inhaled antibiotics like tobramycin, aztreonam, and colistin (2019 patient registry). 


11.11.6 ORGAN TRANSPLANTATIONS 


The last option that is used to prevent disease is use of an organ transplantation procedure. In 2019, 
there were around 1,957 individuals in the registry who were reported to have ever received a lung, 
kidney, heart, or liver transplant (2019 Patient Registry). 


11.12 COMMON ISSUES COMPLICATING CYSTIC FIBROSIS AND ITS 
TREATMENT 


Issues complicating cystic fibrosis and its treatment are depression, anxiety, risk of thrombosis, anti- 
biotic hypersensitivity reactions and intolerance, vestibulo-auditory disturbance, including tinnitus, 
obesity, and airway complications (Bell et al., 2020). Although most people tolerate antibiotics well, 
side effects are common and include disturbance of the natural host flora, with diarrhea, allergy, 
and in some cases antimicrobial resistance. Some evidence also links the use of antibacterial drugs 
with an increased incidence of fungal and mycobacterial infection in patients with cystic fibrosis 
(Zemanick et al., 2017) Bell et al., 2020). Risk of cancer increases during transplantation, like 
colorectal cancer (Safaeian et al., 2016), esophageal cancers, and non-Hodgkin lymphoma (Fink 
et al., 2017). Chronic kidney disease, sometimes leading to chronic renal failure requiring hemo- 
dialysis and renal transplantation, is an emerging complication in older adults with cystic fibrosis 
(Berg et al., 2018) and (Quon et al., 2011). Also, cost is an issue, i.e., treatments with small mol- 
ecules increase medication cost (Bell et al., 2020). 
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11.13 CONCLUSION 


Cystic Fibrosis is a monogenic disorder caused by mutations in the cystic fibrosis transmembrane 
conductance regulator gene. To treat the disorder, various treatments are available, like pulmonary 
therapy, gastro-intestinal therapies which give symptomatic relief. To get the effect at the desired 
location, gene therapy and small molecules treatments hold the best. Hence, Gene therapy and Small 
molecule treatments will definitely bring overall benefit into the lives of people suffering with cystic 
fibrosis by targeting the mutated genes and curing the class defects through modulation of the ion 
channels. 
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12.1 INTRODUCTION 


In the current era, gene-editing technologies produce a tremendous effect to cure, treat, or prevent 
various inherited or acquired diseases. These technologies provide flexibility in localization of cor- 
rect genes for knockdown or recovery of gene expression, insertion of a therapeutic transgene, 
or correction of mutations associated with genetic diseases [1]. Gene editing technologies can be 
divided into four types, including meganucleases, zinc finger nucleases, transcription activator- 
like effector nucleases, and clustered, regularly interspaced, short palindromic repeat-associated 
nucleases, such as Cas9 [1, 2]. ZFNs, TALENs, and CRISPR/Cas Zinc-finger nucleases and tran- 
scription activator-like effector nucleases (TALENS) are hybrid restriction enzymes composed of a 
DNA-binding domain and a DNA-cleavage domain based on FokI endonuclease [2] These nucle- 
ases introduce precise and specific changes of the genome sequence at any genome locus of inter- 
est [2-4] [Figure 12.1]. However, the efficient delivery of these therapeutic genes is challenging. 
Moreover, the potential therapeutic effect mainly relies on safe and efficient delivery of nucleases 
into the nucleus [Table 12.1]. Among the various types of nucleases, the CRISPR-associated protein 
9 (CRISPR/Cas9) system is considered as a one of the most exciting tools for gene editing. The 
therapeutic efficacy of CRISPR/Cas 9 system depends on base-pairing between the single-guide 
RNA (sgRNA) and the target DNA [2, 5]. The nuclease can be delivered mainly by two methods, 
physical and non-viral based [Table 12.1]. Although physical methods, including electroporation 
and microinjection, produce high transfection efficiency, low cell viability and cell specific delivery 
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FIGURE 12.1 Mechanism of therapeutic gene-editing in DNA repair pathway. 


(Adapted from Ates et al. 2020. NHEJ-Nonhomologous end joining; HDR-Homology-directed repair 
pathway). 


TABLE 12.1 

Approaches to Delivery of Nonviral Vehicles-Gene Editing Nucleases 
Delivery Methods Exogenous Materials Approaches 
Electroporation Electroporation DNA plasmid, mRNA, RNP Ex vivo 
Hydrodynamic delivery DNA plasmid , Ribonucleoprotein (RNP) In vivo 
Lipid nanoparticles DNA plasmid, mRNA, RNP In vivo 
Cell penetrating peptides Protein, RNP In vivo 


may commonly occur with these delivery systems, they also are also difficult for in vivo applica- 
tion [1-5]. Similarly, viral vectors achieve good performance on delivery of CRISPR/Cas9, but are 
limited by restricted packaging capacity or unwanted genetic mutations and immunogenicity [5, 6], 
posing concerns about safety in clinical translation [1-3]. In comparison, nonviral delivery methods 
via nanoparticles have the potential to overcome many of these limitations, particularly with respect 
to safety, large loading capacity, and in vivo application [5—8]. The first use of gene editing nucle- 
ases in humans was discovered in 2009. Zinc-finger nucleases were delivered to the human CD4 
T cells isolated from patients with chronic aviremic HIV infection (NCT00842634) to block the 
functions of CCR5, a major coreceptor of HIV-1. The resistance of CD4 cells to HIV viruses was 
achieved by modifying the 11% to 28% of alleles with ZFNs, which showed long persistence after 
administration to the patients [1, 8]. 

Studies reported that a-helical polypeptide PPABLG based PEGylated nanoparticles achieved 
efficient cellular internalization and endosomal escape of CRISPR/Cas9. The CRISPR/Cas9 deliv- 
ery system could reach 47.3% gene editing in cells, 35% gene deletion in vivo, and HeLa tumor 
growth suppression >71%, demonstrating an advantage over the existing conventional polycationic 
transfection reagents [1, 2, 5]. They are also capable in knock-in and gene activation, and this 
CRISPR/Cas9 delivery system has been shown to be a most acceptable delivery vehicle for gene 
editing in vitro and in vivo [5]. Recently, other approaches, such as cell penetrating peptides, have 
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been incorporated for efficient delivery of gene-editing nucleases to improve membrane destabili- 
zation, promote endosomal escape, and enhance overall transfection efficiency [2, 9]. The CPPs, 
based on materials for membrane destabilization, such as HIV-TAT, GALA, and oligoarginine, have 
been commonly incorporated into delivery vectors for membrane destabilization to increase uptake, 
promote endosomal escape, and improve overall transfection efficiency. Studies reported that using 
CPP is more advantageous for eventual translation. However, a single CPP is lack of adequate cat- 
ionic charge and too small in size. In addition, conjugation with nucleic acids neutralizes the CPPs 
and causes blockage of the activity of short oligo peptides, decreasing their membrane activities as 
well as transfection efficiencies. Therefore, CPPs sometimes only function in a supportive role to 
enhance the delivery efficiencies of existing systems. However, the transfection efficiencies of cell 
penetrating peptides may be reduced by lack of cationic charges or neutralization upon conjugation 
with nucleic acid [9]. 

The functional activity of gene-editing nuclease is achieved also by delivering into the cell by 
using viral vectors and nonviral vectors. In this case, enzyme complexes encoded by nucleic acid 
introduces into the target cells by viruses or nonviral vectors. Although viral vectors are highly 
effective, their therapeutic capacity is limited by complexity and challenge associated with scale-up 
of virus production, potential for insertional mutagenesis, and possible immune responses against 
the viral vector [1, 10]. Non-viral delivery methods have been taken as a promising alternative of 
viral vectors because they can be engineered to largely avoid these problems. Protein or nucleic acid 
degradation, opsonization, and immune avoidance, as well as cells specific delivery are the major 
challenges to nonviral delivery. 


12.2 METHODS OF DELIVERY AND NONVIRAL APPROACHES FOR GENE 
EDITING NUCLEASES 


12.2.1 ELECTROPORATION 


Electroporation is known as a physical transfection method in which high voltage current is applied 
to the cells to enhance the membrane permeability to nucleic acids, chemicals, or proteins. Due to 
application of the electrical impulse, small gaps between the cell membranes appear that are reseal- 
able allowing the entry of substances [3]. Initial in vitro studies proved that the electroporation 
method delivered the plasmid DNA containing Cas9 efficiently to the cells which are considered dif- 
ficult to transfect, such as primary fibroblasts [3, 11], human embryonic stem cells [3, 11], pluripo- 
tent stem cells , and neurons. However, therapeutic application of electroporation mediated-delivery 
is only limited to ex vivo. Currently, clinical trials by this method are taking place [Table 12.2]. 
Many groups have utilized electroporation to directly deliver nucleic acids or proteins for ZFNs, 
TALENS, or CRISPR ribonucleoproteins, and many ongoing clinical trials are utilizing electropora- 
tion for delivery to T cells. [3, 11-13] 


12.2.1.1 Selections of Cargoes for Gene Therapy 
12.2.1.1.1 Plasmid DNA 


Plasmid DNA vectors are widely chosen for delivery of genome-editing complexes. This vector 
offers flexibility in design, allowing easy incorporation of DNA into plasmid by simple molecular 
cloning techniques [2]. However, gene-editing efficiency is often limited by the efficiency of nuclear 
delivery and gene expression that is required to generate the final gene-editing protein complexes. 
Conjugation of plasmid -DNA with nanoparticles such as highly positive surface charge reduces the 
delivery of therapeutic genes, owing to after administration adsorption by the serum proteins, aggre- 
gates, and release premature cargos. It is necessity that after injection, DNA nanoparticles need to 
overcome the systemic barriers before delivering to the targeted tissue [14, 15] [Figure 12.2]. Using 
the polymeric material such as polyethylene glycol, which is also known as antifouling agent, to 
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TABLE 12.2 


Nonviral Delivery Systems for Gene Editing Nucleases Under Clinical Investigation 


Status in 
Target Clinical Clinical 
Delivery Systems Drugs Diseases Genes Trial Phase Trials Company 
DOTAP-cholesterol DOTAP-Chol- Non-small cell lung — I Completed MD Anderson 
fusl carcinoma cancer center 
GAP-DMORIE- Tetravalent Dengue disease — I Active US Army Medical 
DPyPE dengue vaccine Research 
vaccine and Materiel 
Command 
GL67A—DOPE- pGM169/ Custic fibrosis — II Active Imperial College 
DMPE-PEG GL67A London 
PEI BC-819/PEI Bladder cancer — II Active BioCancell Ltd. 
BC-819 Ovarian cancer — VII Completed BioCancell Ltd. 
DTA-H19 Pancreatic cancer VII completed  BioCancell Ltd 
SNSO1-T Multiple myeloma — VII Ongoing Senesco 
and B cell Technologies, Inc 
lymphoma 
PEG-PEI- EGEN-001 Ovarian, tubal and — I Ongoing Gynecologic 
cholesterol peritoneal cancers Oncology Group 
Poloxamer VCL-CBO1 CMV vaccine — II Completed Astellas Pharma Inc 
CRL1005— 
benzalkonium 
chloride 
Lipid-based ALN-VSP02 Solid tumours KIF11 and I Completed Alnylam 
nanoparticles VEGF Pharmaceuticals 
siRNA- Advanced cancers EPHA2 I Active MD Anderson 
EphA2- Cancer Center 
DOPC 
Atu027 Advanced solid PKN3 VII On going Silence 
cancers Therapeutics 
PRO-040201  Hypercholesterolemia APOB I Terminated Tekmira 
Pharmaceuticals 
Corporation 
ALN-TTRO2 TTR-mediated TTR Il Ongoing Alnylam 
amyloidosis Pharmaceuticals 
CDP-based CALAA-O1 Solid tumours RRM2 I Terminated Calando 
nanoparticle Pharmaceuticals 
Dynamic ARC-520 Two conserved Hepatitis VII Ongoing Arrowhead 
Poly- Conjugate regions of HBV B Research 
transcripts Corporation 


Adapted From Yin et al. (2014). 


coat the surface of the nanoparticles reducing the immune stimulation and increase circulation time 
after delivering to the body. However, this approach is limited, as various clinical trials [Table 12.2] 
have proven that repeated administration of PEGylated nanoparticles accelerated the clearance of 
nanoparticles. Nano-particle size is another important feature because molecules smaller than 5.5 
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FIGURE 12.2 Schematic presentation of delivery of nonviral vectors for gene editing nucleases in the 
systemic circulation. 


(Adapted from Yin et al 2014). 


nm in diameter are subject to rapid clearance from the kidneys [16, 17]. The effective nanoparticle 
sizes fall between 100-250 nm, which limits the renal filtration of DNA. Other than this, DNA 
sequences [Figure 12.1] also carry a substantial risk of unintended genomic integration, which 
can induce insertional mutagenesis [Figure 12.1] due to incorporation of highly active promoter 
elements into chromosomal DNA or disruption of tumor-suppressor genes. Although the risk of 
insertional mutagenesis with non-viral delivery of plasmid DNA is generally much lower than with 
DNA viral vectors, this risk must be taken into account for translationally relevant therapies [3, 18]. 
However, plasmid DNA delivery is problematic to immune cells because T cells can recognize the 
intracellular presence of foreign nucleic acids, initiating the innate immune response [3, 17, 18] 


12.2.1.1.2 mRNA 


mRNA is another tool which acts as a cargo to deliver nucleic acid. Although it is less stable than 
DNA, one of its advantages is reduced immunogenicity. mRNA also does not require nuclear localiza- 
tion for expression. This cargo can be synthesized from a DNA template using in vitro transcription. 
mRNA effectively delivers the nucleic acid to the targeted cells and controls the protein expression, 
which is detectable as quickly as 4-6 h post-transfection [19, 20]. As compared to DNA, mRNA is 
shortening the protein expression, thus reducing the risk of insertional mutagenesis and also decreas- 
ing the probability of off-target effects [2]. It has been reported that mRNA blocks the Cas 9 protein 
expression for 72 hours after in vitro post transfection and 24 hours post injection in vivo [2, 21]. 
However, studies demonstrated that, due to different lengths and kinetics of expression, the delivery 
of Cas9 mRNA and sgRNA may need specialized materials such nanocarriers [2, 22]. One study 
showed that the optimal condition for an RNA-mediated CRISPR/Cas9 editing system required Cas9 
mRNA to be delivered 24 hours before sgRNA delivery [22]. Wang and colleagues demonstrated that 
ZENs and a viral vector are needed to deliver the donor DNA to the targeted cells [22, 23] 

Studies reported that the modification of mRNA with a combination of 2-thiouridine and 5-meth- 
ylcytidine effectively reduced the immune stimulation through pattern recognition receptors, such as 
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TLR3, TLR7, TLR8, and retinoic acid receptor responder protein 3 also known as RIG-I [2, 23]. In 
addition, the inclusion of pseudouridine in the mRNA (Y-mRNA) blocked activation of pattern rec- 
ognition receptors 18 and 2’-5’-oligoadenylate synthetase19. These modifications can also stabilize 
the mRNA against cleavage and ultimately increase expression rates [24]. A direct intramyocardial 
injection of vascular endothelial growth factor A (VEGF-A)-encoding modified mRNA (modRNA) 
complexed with RNAiMAX in myocardial infarction mice decreased the infract size and apoptotic 
cell frequency, as compared to the control group [3, 23, 24]. In another study, pulmonary surfactant 
associated protein deficient mice showed 0% survival by five days, whereas mice with administra- 
tion of modified PSPB-encoding mRNA showed >80% survival by day 30 [3]. Luciferase mRNA 
successfully delivered into mice after intranasal administration in which mRNA made complex 
transfection reagent Stemfect or to a hydrophobic poly(B-amino ester) that had been coated with a 
positively charged lipid layer.[25, 26]. This complex also could express luciferase in the spleen after 
IV administration [3, 26]. 

Modification of mRNA molecules is required to overcome the major challenges, such as surface 
charge of the cell membrane and gene or protein expression after systemic delivery. MRNA mole- 
cules are too large in size, hydrophilic, and negatively charged, therefore modifications are generally 
required to bring therapeutic mRNA to its site of action [2, 3, 24]. The ideal mRNA delivery system 
must protect against serum endonucleases, elude immune detection, prevent nonspecific interactions 
with proteins or nonspecific cells, avoid renal clearance, permit extravasation to reach target tissues, 
and promote cell entry (Figure 12.2). Methods developed to overcome obstacles for RNA delivery 
include chemical modification, direct injection, and the use of nanoparticles as carriers [2, 26]. 


12.2.1.1.3 Proteins 


Delivery of gene-editing protein complexes eliminates the necessity of intracellular transcription 
and translation. Protein expression or gene editing can occur immediately after intranuclear deliv- 
ery. Gene editing protein complexes prompt the gene editing efficacy in postmitotic or hard-to- 
transfect cells, overcoming the challenges associated with lower gene editing efficacy after use 
of plasmid DNA or mRNA. On the other hand, this method also reduces the ability of the cargo 
to enable cell type-specificity, owning to unnecessary transcriptional targeting [27]. In the case of 
CRISPR/Cas9, there is an additional concern that the Cas9 protein variants from the bacterial spe- 
cies, Staphylococcus pyogenes and S. aureus, have both been shown to be recognized by antibodies 
in >60% of human patients [27], which could result in rapid clearance of these proteins upon sys- 
temic delivery. Furthermore, Cas9 and TAENS have less cell permeability effect, although ZFNs has 
been reported to be of high membrane permeability efficacy [28]. Because of the nucleic acid bind- 
ing nature of Cas9 protein, it possesses +20 net charge of unmodified SpCas9, which becomes fur- 
ther positively charged after the addition of nuclear localization signal (NLS) peptide. This positive 
charge of Cas9 can be neutralized via protein with a glutamate tag up to 20 amino acids in length, 
thus enhancing the cytosolic delivery of Cas9/sgRNA conjugated with arginine—gold nanoparticles 
[29]. Another alternative approaches to enhance the plasma-membrane permeability of genome- 
editing enzymes is conjugation of protein surfaces with multiple viral SV40 NLS domains, which 
was reported to enable editing without additional vector material both in vitro and in vivo [29, 30]. 
Likewise, conjugation of Cas9 and sgRNA with cell penetrating peptides facilitates the uptake and 
endosomal escape as self-condensed cationic nanoparticles, although these nanocarriers only show 
<10% knockout efficiency in vitro in HEK293T cells [2, 31] 


12.3 HYDRODYNAMIC DELIVERY 


Hydrodynamic delivery is a physical delivery method discovered in 1999, in which naked DNA is 
directly delivered into the cells [32]. Various gene editing proteins or their DNA or RNA precursor 
directly introduces into the cells by this technique. In this method, gene editing nucleases physically 
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disrupt the cells, but they are only applicable to ex vivo delivery. In this technique, a large volume of 
gene solution is injected into the body to create a high pressure in systemic circulation. This leads to 
a reversible cell membrane permeation effect, which initiates the intracellular gene transfer [3, 33]. 
Studies reported that after tail vein injection in rodents, the solution enters into circulation through 
the inferior vena cava and flows through the heart. However, because of the excessive load in the 
hepatic vein, the solution is forced out to the tissues. Due to this delivery mechanism, the procedure 
is especially effective for liver-targeted deliveries [34, 35]. One studies reported that for non-liver 
tissues specificity of gene editing nucleases can be achieved by directly injected into the desired 
organ, for example, successful HD targeting to the kidneys can be accomplished by injecting in the 
renal vein, carotid artery for the brain, and injection to the vena cava for myocardium [3, 35, 36]. 

Taking all findings together, physical delivery methods exert high potential use in ex vivo deliv- 
ery of exogenous nucleases. Ex vivo editing of isolated circulating lymphocytes, effectively trans- 
ferred into a patient for gene therapy. Moreover, application of ex vivo hydrodynamic injection 
induces expression of Cas9 and sgRNA from plasmid DNA in the liver of rodents. However, this 
method is not applicable to humans. The HD approach is advantageous in terms of simplicity and 
cost effectiveness, and it allows the in vivo delivery without the use of viral vectors [3, 34-36] 

Apart from this method, other physical delivery methods include micro constriction, which 
mechanically disrupts the cellular membrane [37, 38], and osmotic potential inducting the cellular 
uptake and endosomal escape of Cas9 RNP complexes [38]. D’ Astolfo and colleagues demonstrated 
that hypertonic solutions stimulate the macropinocytosis in vitro and subsequently, endosomal dis- 
ruption by zwitterionic propane betaines effectively delivered the Cas9 RNP complexes, taken as a 
potential alternative to electroporation or physical membrane disruption method. [3, 39] 


12.4 LIPID NANOPARTICLES 


Lipid based nanovectors were first discovered in 1987. Cationic lipids consist of a cationic head 
group and hydrophobic tail, with a linker between these two domains [2, 40]. The cationic headgroup 
binds to the negatively charged nucleic acid and allows passage through the cell membrane. The 
exogenous nucleases surrounded by lipid layers protect from RNases and cell degradation enzymes 
[2, 41]. Cationic lipid vectors are largely utilized for the delivery of siRNA and mRNA, and are 
currently under clinical trials [Table 12.2] [40-47]. However, limitations of this delivery vehicle 
include poor rates of transfection [48, 49] and targeting specific tissues. Lipid based nonviral thera- 
peutic approaches widely apply for the biomaterials that are packaged into the vectors and deliver to 
the target cells. Many lipids and lipid like materials have been formulated for intracellular delivery 
of gene editing nucleases, such as oligonucleotides, mRNA, and plasmid DNA [2, 49, 50]. Invitro 
and in vivo applications of Plasmid DNA encoding a Cas9-sgRNA complex, effectively targeted 
the VEGF when packaged in PEG—PEI- cholesterol lipopolymer and achieved 50 % gene knockout. 
On the other hand, 30% gene knockout in vitro and 20% in vivo was found with CRISPR DNA 
assembled with a CD68 promoter encapsulated in lipid-containing PEG—poly(lactic-co-glycolic 
acid) (PLGA) nanoparticles [2, 51-54]. Zuris and colleagues developed Lipofectamine 2000TM 
Cas9 and TALENS fused to a negative surface charge of GFP protein. They reported that 24% and 
13% gene knockout was found in neuron-derived mouse embryonic stem cells in vitro and in mouse 
cochlea hair cells in vivo, respectively [55, 56]. Similarly, Wang and colleagues investigated the 
70% knockout invitro after application of charge-neutralized Cas9 RNP complexes encapsulated in 
bioreducible lipid nanoparticles. They also exhibit high expression of gene editing after systemic 
delivery, primarily in the liver [57]. Yin and colleagues modified the lipid cKK-E12 lipid nanoparti- 
cle to improve the delivery of Cas9 mRNA and sgRNA to the hepatocytes, demonstrating 80% gene 
knockout, whereas 6% editing corrections was found while using AAV encoding a sgRNA and HDR 
DNA template [58]. A cancer derived exosome has been developed by Kim et al. for delivery of a 
plasmid DNA encoding a CRISPR/Cas system showing efficient and targeted editing in an ovarian 
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cancer model [2, 3]. An exosome-liposome hybrid vector developed by Lin and colleagues showed 
CRISPR interference in mesenchymal stem cells, which could not be transfected using liposomes 
alone [59]. These findings reveal the great potential of lipid nanoparticles for the delivery of genome 
editing nucleases to treat various diseases, rivaling that of virus-mediated delivery for some tissues 
such as the liver. A clinical trial report exhibited that LNP formulation consists of cationic lipid 
(AtuFECT01), a helper lipid (DPhyPE), and a PEG-lipid (PEG—DSPE) in a 50:49:1 ratio, with siR- 
NAs120 shown to internalize into mouse vascular endothelium after intravenous injection [60]. The 
AtuPLEX-based formulation Atu027 features an siRNA that targets the protein kinase N3 (PKN3) 
transcript and is under evaluation for the treatment of patients with advanced solid cancer [2, 61, 62]. 
On the other hand, MD Anderson Cancer Center has initiated a clinical trial for targeting EPHA2, 
which encodes a tyrosine kinase to treat patients with advanced cancer by using their formulations 
in which siRNA is incorporated in neutral liposomes composed of DOPC [2, 63]. 

The siRNA based lipid vectors showed targeted delivery of siRNA to silence the target genes with 
a nanoparticle size of 200nm [64]. It was first discovered in 2005 to treat hepatitis B virus (HBV) in 
a mouse model HBV replication [65]. In two separate clinical trials, efficacy of LNP-based siRNA 
delivery has been evaluated in patients with hepatocellular carcinoma. Tekmira pharmaceuticals 
corporation investigated the antitumor activity of drug TKM-080301 targeted to suppress the polo- 
like kinase 1 (PLK1). On the other hand, Alnylam pharmaceuticals developed ALN-VSPO2 to tar- 
get KIF11 (which encodes kinesin spindle protein) and VEGF. In addition, ALN-TTRO2 (Alnylam 
pharmaceuticals) based siRNA formulations are shown to have the ability of silencing the trans- 
thyretin (TTR) in TTR-mediated amyloidosis. Patisiran is a second-generation SNALP formulation 
ALN-TTRO2, which is a DLinDMA analogue. In preclinical studies, it showed a tenfold increase in 
therapeutic activity [1, 66]. 


12.5 POLYMER BASED NANOPARTICLES 


Polymeric materials have been employed to deliver the gene editing nucleases for targeted delivery. 
They act as a multicomponent delivery system to promote endosomal escape of the delivered exog- 
enous materials [2, 67]. Studies reported that upon the coating of Cas9-sgRNA RNPs with endo- 
somal disruptive polymer poly(N-(N-(2-aminoethyl)-2-aminoethyl) aspartamide is easily adsorbed 
onto gold nanoparticles and corrects the dystrophin gene in vivo, using a mouse model suffer- 
ing from Duchenne muscular dystrophy. As compared to scramble nanoparticles, these showed 
increased levels of muscular strength [2, 67]. CRISPR loaded in gold nanoparticles reduce mRNA 
and protein levels drastically (up to 50%) after local injection in a rodent brain. Sun and colleagues 
used an alternative approach to achieve increased levels of gene modification (EGFP, CRISP)) in 
vivo after administration of the nanoparticles. With this method, DNA nanoclews formed by using 
rolling-circle amplification, which allows encapsulation of RNP complexes in a DNA-based particle 
core further coated with a cationic polymer to attain efficient gene editing by exogenous nucle- 
ases [68]. Recently, Cheng and Leong reported that coating with cationic polymer, such as cationic 
a-helical polypeptide, efficiently delivered the Cas9 and sgRNA plasmids to Hela cells, leading to 
67% knockdown of targeted protein after repeated intratumoral injections. Both the exogenous gene 
editing nucleases reduced the tumor growth by 71 % in vivo using xenograft mouse model [69]. 
However, in scale up and sufficient transport to the targeted cells, a large amount of cationic polymer 
is required, which is cost effective and difficult to formulate. However, a large amount of cationic 
polymer is required for efficient delivery of drugs to the targeted cell. Formulation of this kind of 
nanoparticles is cost effective. 

It has been reported that PLL poly (I-lysine), which is a homopolypeptide of the basic amino 
acid, has the ability to condense the DNA into nanoparticles via electrostatic interactions. One study 
indicated that PLL complexed with asialoorosomucoid glycoprotein could potentially be applied 
in non-viral liver-targeted gene delivery [70-72]. In contrast, without a lysosomal disruption agent 
such as chloroquine, PLL shows poor transfection function, due to the fact that at physiological 
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pH, its surface charge becomes positive, thus low endosomal buffering and lysis are exhibited by 
this polymer [1]. Moreover, unmodified polymer possessed marked invitro cytotoxicity [73-75]. 
To overcome this barrier, PLL covered by hydrophilic polymer PEG increases circulation time 
and minimizes the nonspecific interaction with the serum components [76, 77]. PEGylated PLL is 
being investigated in a phase I clinical trial to demonstrate the safety and tolerability of these DNA 
nanoparticles and potential therapeutic vectors for gene transfer [1]. 

The inclusion of Zwittherionic materials is another approach to systemic delivery of therapeu- 
tic genes. The addition of siRNA therapeutic in genome-editing nucleic acid or protein is a new 
advance to nonviral delivery; especially, zwitter-ionic materials, including cationic quaternary 
ammonium sulfonamide aminolipids, and a zwitterionic phosphorylcholine-based polymer such as 
diblock polymer, have been shown to improve systemic delivery, providing more efficient alterna- 
tives to PEGylation [78, 79]. 

Chang and colleagues reported a protein delivery system composed of a dendrimer end-capped 
with guanidyl groups to facilitate protein binding through hydrogen bonding and salt bridges, as 
well as phenyl groups to promote endocytosis and endosomal escape [79]. They efficiently transfer 
the functionally intact proteins invitro after encapsulating the protein of different sizes and surface 
charges [2, 80]. Overall, these strategies help to increase the cell membrane permeability of gene- 
editing protein complexes, which are mostly impermeable to cell membranes on their own and are 
not able to load cationic polymers, due to slightly cationic surface charges on their surface This 
polymer successfully encapsulated proteins of different sizes and surface charges and promoted 
the efficient intracellular delivery of functionally intact proteins in vitro. Yan and colleagues imple- 
mented a different approach in which they covalently bound thin polymer shells with a protein core 
in situ, showing that within this shell, the protein molecule was protected from protease degrada- 
tion and exhibited efficient cellular uptake in vitro and in vivo. Formulated vectors do not rely on 
the electrostatic charge-based interactions, thus overcoming the challenges of delivery of proteins 
and gene editing nucleases, such as Cas9 RNP complexes, which contain regions of varying charge 
[81]. Recently, zinc/imidazole based metal-organic frameworks (MOF) are new advances for intra- 
cellular delivery of protein. These MOF nanoparticles efficaciously prevent degradation of protein 
by protease digestion [82, 83]. However, studies reported that CRISPR RNPs showed low genome 
editing efficiency by up to 30% in CHO cells invitro. Therefore, further optimization of this vector 
is necessary[84]. 

Numerous other polymers, such as poly[(2-dimethylamino) ethyl methacrylate] (pDMAEMA), 
poly(B-amino ester)s, and various carbohydrate-based polymers and dendrimers, are currently under 
preclinical trials account for DNA delivery. A polymeric vector consists of non-ionic poloxamer 
CRL1005, and the cationic surfactant benzalkonium chloride has been pushed to clinical develop- 
ment. This formulation is being under investigation in a Phase I/II clinical trial for a genetic vac- 
cine to prevent CMV infection in patients with allogeneic hematopoietic cell transplant [1, 85, 86] 
[Table 12.2] 


12.6 CELL PENETRATING PEPTIDES 


These are protein transduction domains, first discovered in 1988, that reveal the transcription trans- 
activating protein isolated from the HIV virus that could cross cellular membranes. It consists of 
small, 6-30 amino acid long, synthetic, or naturally occurring peptides that readily convey the car- 
gos across the cell membranes with the intact functional form [86]. Various exogenous materials, 
such as peptides, proteins, nucleic acid including DNA and RNA, nanocarriers such as liposomes 
and nanoparticles, imaging agents’ radioisotopes, and other fluorescent probes, are effectively deliv- 
ered to the targeted sites by these peptides. They also successfully introduce ZFNs, TALENs, and 
Cas9 in cells in vitro [87-89]. 

Intradermal or intramuscular injection of stearyl-transportan 10 complexed with plasmid-DNA 
produced non-cytotoxic, non-immunogenic, and induced transfer/expression of Luciferase reporter 
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plasmid [90]. Modification of S4 (13)-PV with a 5 histidine residue attached to its N-terminus 
successfully encapsulate plasmid DNA and siRNA invitro, leading to successful gene silencing 
of Survivin compared to unmodified SV(13)-PV [91]. The cytotoxic effect of Poly-lysine homo- 
polymers was reduced by condensing with an angiotensin type II receptor, using calcium chloride 
encapsulated in a plasmid. This procedure also has shown to efficient a tumor targeting effect and 
decrease the tumor volume in vivo [91, 92]. 

Dual targeting is another approach to enhanced delivery of gene editing nuclease. In this tech- 
nique, conjugation of tumor targeting peptide(CREKA and a homo-polymer of arginine with avidin 
moiety efficiently condense with plasmid DNA, carrying the p53 gene and showing reduced tumor 
growth in mice [93]. The conjugation of peptides with siRNA successfully silenced CIP2A in vivo 
in mice with oral cancer [94]. Polyethylene shell is a tumor pH responsive polymer core that effec- 
tively delivers the siRNA, silences the bromodomain 4, and inhibits the prostate cancer growth 
significantly. This core contained the tumor targeting RGD peptide, along with the homo-polymer 
of arginine. These complexes bound with siRNA by electrostatic interactions, and thus enhanced the 
siRNA concentration within the polymeric shell [95, 96]. 

In the tumor microenvironment, lower pH CPP loaded with siRNA effectively silenced the Racl, 
reduced the hepatic metastases in colon cancer, and suppressed c-MYC gene expression in breast 
cancer cell lines in vivo [97]. Antiangiogenic activity of siRNA was enhanced by encapsulating in 
stearylated poly-arginine through electrostatic interaction modified with histidine. In addition, this 
peptide loaded with fausildil, a selective Rho-Kianse inhibitor, showed strong cellular uptake and 
reduced tumor growth [98, 99]. CPP also can complex with nanoparticles to deliver siRNA to the 
targeted site. Studies reported that modified CPP, with gelatin silica NP comprised with Tat and 
influenza hemaglutanin A2, successfully conveys the plasmid DNA to the cells in vivo [100, 101]. 
A tumor activatable CPP, dual-triggered by lowered pH and matrix metalloproteinase 2, was used to 
label NPs carrying dual anti-tumor therapies, doxorubicin and siRNA, targeting vascular endothelial 
growth factor [102-105]. 

PEGylation of glycosaminoglycan-binding peptides coupled with DNA through electrostatic 
charge interactions, which formed NPs that targeted bronchial epithelial cell lines with precision 
cut lung slices in vitro, showing that PEGylation rates of >40% were the optimal formulation [106]. 
Additionally, other supra-magnetic iron oxide NPs or gold nanoparticles have shown to internaliza- 
tion into tumor or stem cells upon modification of CPP [107-110]. Cytotoxicity of liposomal CPP 
can be reduced by coating the LP surface with neutral PEG, which also stabilized the NPS, and these 
specialized CPP nanoparticles also enhanced the gene silencing capacity invitro [111]. Another 
studies showed that modification of TAT peptide labeled with LPS containing doxorubicin enhanced 
the efficacy of targeted delivery of therapeutic molecules, resulting in an increase in anti-tumor 
activity and decrease in systemic side effects [111-113]. 


12.7 DNA ORIGAMI 


DNA nanostructures were first discovered by nature at Nadrian Seeman. The structure of DNA 
origami is formed by the folding of multiple single strand DNA oligomers to create a nanoscale of 
arbitrary two- and three-dimensional shapes. The specificity of the interactions between comple- 
mentary base pairs make DNA a useful construction material, through design of its base sequences 
[114]. Recently, it has been considered as a potential tool in delivery of various therapeutic mol- 
ecules. Rothemund developed scaffolded DNA origami by using long ssDNA derived from M13 
bacteriophage [115]. The addition of hundreds of short ssDNAs help to produce nanostructures with 
arbitrary shapes. Short ssDNA has the ability to create different two and three dimensional shapes of 
DNA origami [116, 117]. Together, these methods treat DNA as a biopolymer, and its information- 
containing structure is used to drive nanostructure assembly. These DNA origami platforms can 
be decorated with biomolecules, including peptides, proteins, and functional molecules containing 
fluorophores, aptamers, quantum dots, and gold nanoparticles, allowing them the ability to target 
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cells [118, 119]. Decoration of DNA origami with the iron transport protein transferrin increases 
the number of transferrin molecules and helps the efficient delivery of chemotherapeutic agents 
and gene-editing nucleases. Studies reported that doxorubicin and P53 gene efficiently deliver to 
the targeted sites after addition of aptamers to the triangular structure of DNA nanostructure [120]. 
However, use of DNA nanotechnology in CPPs are still limited. One study reported that transduc- 
tion efficiency of gold nanoparticles could be enhanced by decoration of filamentous DNA origami, 
with CPP providing 3D superstructure. This strategy is considered an efficient way to improve drug 
delivery and cellular imaging [9]. In addition, various cationic and amphipathic CPPs, such as TAT, 
penetratin, and MAP are successfully decorated with DNA oligomer for efficient delivery of siRNA 
and other exogenous genome-editing nucleases to the targeted sites [121]. 

Recently, many crucial steps have been taken by researchers and industrialists to achieve poten- 
tial nonviral based genome editing delivery systems. Various new strategies employed in nonviral 
delivery systems, such as PEG conjugation with nanoparticles, modification of mRNA structure, and 
surface modification CPP, are leading to advances in gene therapy. These approaches also improve 
the potency and stability of nucleic acid. Moreover, advances in non-viral genome editing have been 
broadening our knowledge, particularly in the genetic basis of diseases, and have laid out a range of 
new targets for genetic medicine. The efficacy of exogenous nucleic acid may provide a platform for 
implementing the therapeutic nucleases in genetic disorders. It is mandatory to extend beyond this 
application of non-viral gene-based cell specific delivery, or the pathology behind nanocarriers-gene 
interaction, to expand their target specificity, such as including more tissues or organs. In addition, 
these delivery vehicles provide precise and permanent correction of disease genes. The development 
in therapeutic gene delivery facilitates the ability to employ gene-based therapy in different tissues 
and to silence, correct, or introduce specific genes with less adverse effects. 
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13.1 INTRODUCTION 


Clustered regularly-interspaced short palindromic repeats (CRISPR) is a recent and powerful 
genetic editing tool. In the past decade, CRISPR-Cas9 technology is widely acknowledged for 
playing a substantial role in the field of biotechnology for editing the genome of any organism in the 
treatment of a variety of complex systemic diseases and for many other purposes. “CRISPR—Cas’ 
acronym stands for clustered regularly interspaced short palindromic repeats-CRISPR-associated 
genes. It is interesting to know that CRISPR sequences are an important component of the immune 
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systems of simple life forms like bacteria and other microbes. The immune system is in charge of 
protecting the health and wellbeing of an organism. This genetic organization prevails in prokaryotic 
organisms and assists in the development of adaptive immunity because of a protein called Cas9 
nuclease, which splits a specific target nucleic acid sequence of unknown invaders and destroys 
them. This mode of action has acquired the attention of researchers to understand the prospects of 
CRISPR-Cas9 technology. There are many future aspects and potential applications of CRISPR- 
Cas9 technology required mainly for the treatment of dreadful diseases, crop improvement, and 
genetic improvement in human beings. However, safety measures are implemented on this technol- 
ogy to avoid misuse or ethical issues [1]. 

CRISPR is such a powerful genetic editing tool mainly because of its distinct structure and design. 
But, surprisingly, the creation of CRISPR relies on an immune system of bacteria. When scientists 
began their research, they found that some genes in the bacteria did not perform any function for con- 
structing the cells and helping the survival of bacteria [2, 3]. Eventually, as scientists realized that this 
“useless” gene is commonly present in bacteria and other microbes, they started to study more about 
the gene; this led to a discovery that this exceptional gene in bacteria is coding for a vital function of 
protection of the bacteria from the invasion by viruses [4]. It is also a very primitive form of CRISPR. 
Due to its effectiveness and affinity, CRISPR has been contemplated to be a remarkable invention in 
the area of genetic-editing and molecular biology. When compared with many other genetic-editing 
techniques, CRISPR has an incomparable advantage, which is its accessibility. Besides, the appli- 
cation of CRISPR does not need training for many years, as well as a high laboratory cost [5-12]. 
It only requires some basic training and the expense only for buying the CRISPR molecule, which 
allows researchers to study genetic editing and execute an experiment. The development of CRISPR 
will follow the invention of numerous applications in the fields of agriculture, environmental science, 
biology, and public health care. There will be an immense commercial interest in this field, which 
will enhance the development of those applications. Even though CRISPR promises a bright future, 
it also has its challenges, and the biggest one is the ethics problem.[13—24] 


13.2  CRISPR-CAS9 SYSTEM 


Today, we know that clustered regularly-interspaced short palindromic repeats (CRISPR) are an 
advanced and potent genetic editing tool [25]. The mechanism starts when a cell is infected with 
a virus, which consists of a guide molecule, healthy DNA copy, and DNA cleaving enzyme. The 
action begins with RNA, which is a molecule that can read the genetic information in the DNA. 

The first step consists of the identification of specific DNA strands of the virus by the guide RNA 
that is composed of crRNA and tracrRNA. Following which RNAse III is needed for producing 
crRNA from pre-crRNA. 

In the second step, this guide RNA steers Cas9 to the exact spot-on DNA where we want to split it. 

Cas9 then locks onto the double-stranded DNA and unwinds it. This favors the guide RNA to 
pair up with some part of the DNA it has targeted. Cas9 splits the DNA at this spot. This produces a 
break in both strands of the DNA molecule. Thus, in the third step, RNase III is guided by crRNA: 
tracrRNA: Cas9 complex to cleave target DNA. 

The cell immediately senses a problem and begins to repair the break. After splitting of DNA 
by CRISPR-Cas9, DNA can be repaired by Non-Homologous End Joining (NHEJ) and Homology 
Directed Repair (HDR) in the fourth step (Figure 13.1). NHEJ is simple and random, in contrast to 
HDR, which is much more complex and accurate 


13.2.1 STRUCTURE OF CRISPR Loci 


CRISPR loci were reported to be almost palindromic and were first detected in the iap gene (gene 
instigating the alkaline phosphatase isozyme conversion) of Escherichia coli inside an intergenic 
region upstream to the gene. These DNA repeats were also noticed in many bacterial species, like 
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FIGURE 13.1 (a) sgRNA(single guide RNA) (b) 2sgRNA + Cas9 protein (c) Target specific cleavage 
(d) Cellular error repair “knocks-out “gene. 


Mycobacterium tuberculosis and Streptococcus pyogenes, as well as in a few archaeal species; 
namely Haloferax mediterranei, Haloferax volcanii, Thermotoga Maritima, along with filamentous 
cyanobacterium Anabaena species. 

A series of repeats exist in CRISPR loci, which flank the ‘spacer’ sequence, and this spacer 
sequence exactly matches the sequences present in virus, plasmid, or any other pathogen genomic 
elements [26-32]. Usually, an AT-rich leader sequence is situated in the upstream position of the 
CRISPR array. On one end of the array, a set of conserved genes coding for various types of Cas 
proteins, called CRISPR-associated (Cas) genes, are present [33, 34]. 


13.3 THE MECHANISM INVOLVED IN THE CRISPR-CAS SYSTEM 


The mechanism involved in CRISPR-Cas organization works in three conspicuous phases: 


1. Adaptation, 
2. Expression and Maturation, and 
3. Interference [35, 36]. 


13.3.1 ADAPTATION OF CRISPR—Cas SPACER SEQUENCES 


The adaptation phase takes place in two steps; first, Cas proteins of the bacterium recognize the 
invader and obtain specific sequences from foreign nucleic acids(these sequences are labeled as 
‘protospacer’). Second, the protospacer is merged in the extremity of the leader sequence in the 
CRISPR array as ‘spacer, which results in the first repeat of the CRISPR array to be extended [37, 
38]. These spacers are accountable for creating immunological memory to archaea and bacteria for 
defense in case they encounter the mobile genetic elements or MGEs for the second time. Cas! and 
Cas2 are crucially involved in this phase [37, 39, 40]. 
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13.3.2 EXPRESSION AND MATURATION OF CRISPR—Cas SysTEM 


In the expression and maturation phase, the leader sequence positioned upstream to the CRISPR loci 
acts as a promoter and initiates transcription of the loci, producing long precursor CRISPR RNA 
or pre-crRNA. Following this step, processing of this pre-crRNA into small mature units, referred 
as crRNA takes place [38, 41, 42]. Representation of crRNA is exhibited by the joining of a spacer 
segment (sequence present complementarily to the foreign nucleic acid) at the 5’ end to repeat seg- 
ment at the 3’ end [43, 44]. 


13.3.3 INTERFERENCE OF CRISPR—Cas SYSTEM 


In the interference phase, Cas-crRNA complex created as a result of the integration of Cas proteins 
to crRNA, detects the unknown MGEs via the Watson-Crick base pairing of sequences that are 
complementary to the crRNA, and thereby, the targeted element is subjected to cleavage. The pres- 
ence of a small conserved sequence (2 to 5 bp) called protospacer adjacent motif (PAM) juxtaposed 
to the target site in the invading nucleic acid is essential for differentiation between self and non- 
self-nucleic acids by the Cas—crRNA complex [45, 46]. 


13.4 BIOLOGY OF TYPE II CRISPR-CAS9 


Type II organization of Cas 9 represents the subsequent vital elements: genes, i.e., cas1, cas2, and 
cas9, CRISPR array, along with a tracrRNA that shows correspondence to the sequence of the 
CRISPR repeat. All the Cas signature proteins are associated during the acquisition of spacers, 
while in the interference stage, only the Cas9 plays a key role. Class 2 type II organization codes for 
endonucleases like Cas9 signature protein, as well as a non-coding RNA called tracrRNA, in addi- 
tion to crRNA. Base pairing of crRNA and tracrRNA results in the formation of a crRNA: tracrRNA 
hybrid, after which RNase III slices the hybrid, thereby forming a developed dual-RNA hybrid. 
Afterward, recruitment of Cas9 proteins takes place. 

Chimeric single guide RNA (sgRNA) is built by hybridization of the 5’ end of the tracrRNA with 
that of the 3’ end of the crRNA, subsequently forming a single guide RNA, which has a great poten- 
tial in genome engineering as it can decompose any target DNA sequence. Type II is made up of two 
parts, Cas9 and sgRNA. The sgRNA guides the Cas9 endonuclease and identifies G-rich PAM (i.e., 
5'-NGG) and then recognizes the target DNA sequence that are located in the upstream position of 
the PAM sequence and causes dissolving of the target DNA. As a result of this, the strands undergo 
directional separation, upstream to the PAM forming an R-loop. Later, the siRNA strand is incorpo- 
rated and, thereby, the formation of the RNA-DNA heteroduplex takes place. The duplex is created 
by base pairing of the ~ 20nt spacer sequence of the sgRNA with that of the proto spacer of the target 
DNA because they are complementary to each other. One domain of the Cas9 enzyme, HNH, slices 
the DNA sequence that is complementary to the sequence (target sequence) present in guide RNA, 
while the other domain of the enzyme, RuvC, slices the sequence that is non-complementarily to 
the sequence (non-target sequence) present in guide RNA. This way, the two domains cleave the 
RNA-DNA hybrid at a spot three bp upstream to the PAM, and the consequence of cleavage is the 
formation of a double-strand break (DSB) with blunt ends [42—45, 47-51]. 


13.5 RECENT TRENDS IN CRISPER GENE THERAPY 
13.5.1 CRISPR System AccurATELY Cut TARGET DNA 


This defense system of bacteria can destroy the invading virus in two steps. The invader with a 
specific strand of DNA of the virus is attacked in the first step. Then the next step is to cut the target 
DNA strand of the virus by using a nuclease. As described in the figure, in step one, to identify the 


CRISPER Gene Therapy Recent Trends 183 


location of the viruses and target them, the defense system needs help from the guide RNA. The 
guide RNA, which is made of crRNA and tracrRNA, is in charge of detecting and targeting the 
unknown invaders of the bacteria by identifying specific nucleotides of the invading viruses [52—67]. 

The Guide RNA has to go through an elaborate process to find a piece of DNA sequence inside the 
viral genome. When viruses start to occupy the living cells of bacteria, they will let out their invad- 
ing DNA strands into the bacterial cells for transforming the invaded cells into factories that manu- 
facture more viruses.[68—70] At this instant, the immune system of bacteria will produce a copy of 
one DNA strand of the invading virus, and then drive it into a group of the genome of bacteria, which 
is referred to as CRISPR array [71-73]. The DNA of the virus will be secured in the spacers among 
the two palindromic repeats in the CRISPR array. Then a selected portion of the CRISPR array will 
be transcribed by the bacteria to make a pre-crRNA strand that also incorporates multiple comple- 
mentary spacers and palindromic repeats. For the process of transforming pre-crRNA to crRNA, 
a tracrRNA, as well as a double-stranded RNA-specific ribonuclease, is essential. TracrRNA will 
integrate into one of the palindromic replicates of the pre-crRNA, and the ribonuclease III will split 
the tracrRNA. At the end, such separated pre-crRNA is matured and referred to as Cr-RNA. Later 
on, the crRNA and tracrRNA will adhere to the cas9 nuclease and lead to the formation of a crRNA: 
tracrRNA: Cas9 complex. Cr-RNA in the complex is entirely corresponding to a DNA sequence of 
the invading virus so that crRNA guides the cas9 nuclease to the viral DNA sequence that is entirely 
corresponding to the crRNA [74-77]. 

Significantly, a proto spacer adjacent motif (PAM) is necessary during this process. PAM is a 
sequence of nucleotides that are situated near to the sequences complementary to the crRNA and 
plays a role in the initiation of attaching crRNA to its corresponding complementary strand in the 
virus. Once crRNA: tracrRNA: Cas9 complex is actively initiated to the invading virus’s DNA 
strand, the location of the virus is recognized. The tool that destroys the virus is the Cas9 nuclease. 
After crRNA: tracrRNA: Cas9 complex and the targeted strand form the bond, the Cas9 nuclease 
will cut the DNA strands of the virus close to the PAM so that the virus will eventually have incom- 
plete DNA strands, which will conquer the viruses [78-80]. 


13.5.2 NoN-Homotocous END JOINING (NHEJ) AND (Homorocy DIRECTED 
Repair) HDR 


CRISPR’s ability to cut genomes of each living life along with viruses leads to the further evolution 
of genetic editing in other organisms. Inside a bacteria, it is because of the presence of Cas9 nuclease 
and crRNA:tracrRNA: Cas9 complex that the CRISPR can kill invading viruses by tracing and cut- 
ting their DNA strands. This exact tracing and cutting procedure can also be availed in cutting the 
DNA strand of any other organism. Once we insert CRISPR into a specific site of a DNA strand, it 
is capable of cutting the DNA strand by launching a DNA Strands Breaks (DSB) to the site, which 
is exactly similar to how the CRISPR can kill the invading viruses of the bacteria. 

The purpose of carrying out the CRISPR research is not to cut the DNA strand, but CRISPR 
is used basically to initiate the DSB to those DNA strands to change the genetic sequence of the 
nucleotides on that DNA strand. CRISPR will not be useful for such a purpose of changing the 
specific nucleotide because the only function it can perform is cutting the DNA strand. Thus, along 
with this, a procedure of fixing and editing the fragmented DNA strands is essential for the DNA to 
perform its function again and initiate changes to the targeted DNA sequences. There are two dis- 
tinct mechanisms to edit and fix the broken DNA sequence, Non-Homologous End Joining (NHEJ) 
and Homology Directed Repair (HDR) [81, 82]. 

NHEJ is a natural way of healing the impairment of DNA strands in most organisms. For exam- 
ple, when UV lights injure the DNA strands of the skin cells, our body can use NHEJ to re-join 
two broken DNA strands so that they can function again. Commonly, such a method is relatively 
simple and efficient for fixing damages of genes because this fixing procedure does not require a 
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homologous template to repair the DNA. In NHEJ, the Ku protein will integrate with two ends of 
the broken DNA strands and form a Ku DNA end complex. This Ku DNA end complex will then 
associate with a DNA-PKcs complex to slice away overhangs of nucleotides close by the end of the 
two broken strands. Then, with a support from the XLF: XRCC4 DNA ligase IV, the two fragmented 
ends of DNA strands will join together and re-join each other via ligation (23). Due to the launching 
of DSB and some nucleotide deletions, during repair, the original DNA sequence is permanently 
altered after NHEJ. 

Ultimately, repairing DNA strands via using NHEJ is a simple method to initiate some unpre- 
dicted mutations to the targeted DNA strand because we cannot control which nucleotide is affected 
and knocked out and which is not. Primarily, as this mechanism is simple and efficient, it may 
indeed have a positive future in the field of non-human genetic editing, like using CRISPR in the 
field of agriculture or fixing the ecosystem [83, 84]. 


13.5.3  ON-TARGET ACTIVITY AND OFF-TARGET ACTIVITY 


The wide range of Cas9 specificity is directed to the bases within the ~20 nucleotide sequence of 
the sgRNA, but during hybridization of sgRNA and target DNA, multiple mismatches may occur, 
and Cas9 can tolerate about five such mismatches. These mismatches are the consequence of off- 
target sites (sites different from actual target sites for a few bases) located within the target DNA that 
remains briefly bounded to the sgRNA sequence. In studies, it is reported that Cas9 also enables the 
binding of sgRNA with off-target sites, and as an outcome, Cas9 splits these sites to form DSBs. To 
conduct genome editing efficiently, a Cas9 should cleave the target DNA sequence accurately, and 
the off-target effect has to be minimized mandatorily [85]. 


13.5.4 CRISPR Toots 


Genome scan is carried out utilizing a variety of bioinformatics tools as these tools function to detect 
accurate target sites as well as off-target sites and design sgRNA for attaining high specificity for 
cleaving the target site. Bioinformatic tools are listed below in the Table 13.1. 


13.5.5 CRISPR IN GENE EDITING 


Researchers have achieved the ability to change the genome sequences using CRISPR. This pos- 
sibility sounds very promising to the fields that are associated with therapy because there are ample 
opportunities that may be explored by CRISPR. In agriculture, CRISPR will be utilized to alter the 
genome of crops and plants to supply them phenotypes that provide resistance to bacteria, in order 
that less pesticide are going to be required to treat it, which permits economizing for farmers and 
lowers the issues from overuse of pesticides. CRISPR may be employed in the treatment of genetic 
diseases that are triggered by some mutations in DNA strands. For instance, the mutation on HTT 
genes is liable for Huntington’s disease, which is usually represented by having incorrect nucleotide 
pairs on the genome. If CRISPR will be utilized to substitute the correct nucleotides on the HTT 
gene for the wrong ones, Huntington’s disease is effortlessly treated. In the field of microbiology, the 
CRISPR-Cas9 system has also been observed to be very effective in mutating or altering genes in 
yeasts, molds, and filamentous fungi, which have pathogenicity in addition as industrial importance. 
Studies show that CRISP-Cas9 system technology has prospects within the treatment of neurode- 
generative disease like dystrophy. Research studies show that with the applying of technology, viral 
diseases like hepatitis B might even be treated. Studies also show that antimicrobial treatment- 
mediated CRISPR—Cas9 is a great option, when compared with traditional antibiotics. However, the 
biggest challenge is within the advancement of delivery strategies of the CRISPR—Cas9 system of 
CRISPR-based antimicrobial. Somatic genome altering mediated by the CRISPR—Cas9 system has 
surfaced as a replacement pathway in cancer modeling that still has to be used in cancer detection 
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TABLE 13.1 
CRISPER Tools 


Name of the Tool 


CRISPResso2 


CRISPR-ERA (editing, 
repression, and activation) 


WU-CRISPR 


CRISPR-P 


CRISPR-P 2.0 


CRISPR seek 


COSMID (CRISPR off-target 
sites with mismatches, 
insertions, and deletions) 

CHOPCHOP v2 


Cas-Designer 


E-CRISP 


CRISPR MultiTargeter 


CRISPy 


CRISPy-web 


EuPaGDT (eukaryotic 
pathogen gRNA design tool) 


stop (CRISPR/Cas9 target 
online prediction) 


Type of the Tool 


Computational tool 


Computational tool 


Computational tool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Webtool 


Purpose of the Tool 


Analyses the results attained from the experiments of genome 
editing; evaluate as well as determines the differences amid the 
experiments performed, requires less time for programming 
[86]. 

Detects sgRNA binding sites by scanning the genome; 
determines sgRNA binding specificity as well as efficiency 
[87]. 

Picks genomic gRNA for Cas9 and develops the competence of 
the design of CRISPR assay [88]. 

Selects appropriate target sites within desired DNA which has 
high specificity for Cas9; helps in predicting the off-target loci; 
determines restriction sites along with off-target sites [89]. 

Can predict the on-target and off-target effect of sgRNA on the 
target DNA; evaluates microhomology score and secondary 
structure of sgRNA; aids in the visualization of GC content 
with the sgRNA [90]. 

It is a Bioconductor package; can design gRNA specificity for 
target sites in a genome and studies the off-target sites [91] 

Distinguishes potential off-target sites throughout the genome; 
evaluates the mismatch bases along with the excluded or 
incorporated bases [92] 

Designs sgRNA; predicts possible off-target sites; assists in 
targeting a wide range of sequences of the specified genome by 
sgRNA [93] 

Recognizes target sites located in a genome of interest, which 
is later cleaved by Cas9; gene knockout is accomplished 
selectively of appropriate target site; from the supplied 
sequences of DNA, the record for all favorable gRNA 
sequences likewise as off-target sites can be determined [94] 

Designs sequences of gRNA; establishes target sites that show 
complementarity to the gRNA; followed by which cleaving of 
the dsDNA by Cas9 endonuclease takes place [95] 

Classifies potential target sites for sgRNA; distinguishes target 
sites which are complementary and non-complementary to the 
supplied DNA sequences [96] 

Selects sgRNA target sequences of chosen DNA; assists in 
viewing the image of the target DNA; stores data about off- 
target sites [97] 

Can predict target sites; designs sgRNA that is capable of 
targeting the DNA of interest is supplied a sequence of the 
genome. [98] 

Designing sRNA CRISPR-Cas system to counter pathogenic 
eukaryotic organism; aids in gRNA library construction [99] 

Identifies target sites for sgRNA; useful for gene inactivation; 
widely used for HDR as well as NHEJ for repairing DSBs [100] 
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during the initial stages of the disease in a person, thanks to the ability of Cas13a to differentiate 
mutations which might result in cancer.[65, 101] 


13.6 CLINICAL APPLICATION OF CRISPER GENE THERAPY 


The first CRISPR Phase 1 trial within the US opened in 2018 with the intent to use CRISPR/Cas9 to 
edit autologous T cells for cancer immunotherapy against several cancers with relapsed tumors and 
no further curative treatment options. These include myeloma, melanoma, synovial sarcoma, and 
myxoid/round cell liposarcoma. This trial was approved by the US Food and Drug Administration 
(FDA) after careful consideration of the risk to benefit ratios of this first application of CRISPR 
gene therapy into the clinic. During this trial, T lymphocytes were collected from the patients’ 
blood and ex vivo engineered with CRISPR/Cas9 to knockout the « and B chains of the endogenous 
T cell receptor (TCR), which recognizes a particular antigen to mediate an immune reaction, and 
therefore the programmed cell death-l (PD-1) protein, which attenuates reaction. The cells were 
then transduced with lentivirus to deliver a gene encoding a TCR specific for a NY-ESO-1! antigen, 
which has been shown to be highly upregulated within the relapsed tumors, and thus can function 
as a therapeutic target. Since then, many trials have opened for CRISPR-mediated cancer immuno- 
therapy, which is currently the foremost employed strategy for CRISPR gene therapy (Table 13.2). 
An attempt implementing this strategy using other tools had already been conducted in both pre- 
clinical and clinical settings, but this was the primary time CRISPR/Cas9 was utilized to generate 
the genetically modified T cells. The moderate transition of switching only the tool used for an 
already approved therapeutic strategy may be key to paving the road for using CRISPR’s novel abili- 
ties for gene manipulation, like targeted gene disruption.[102] 


13.6.1 GENE DISRUPTION 


The first clinical trials in the US using CRISPR to catalyze gene disruption for therapeutic benefit 
were for patients with sickle-cell anemia (SCD) and later B-thalassemia, by Vertex Pharmaceuticals 
and CRISPR Therapeutics. This therapy, named CTX001, increases fetal hemoglobin (HbF) levels, 
which can occupy one or two of four hemoglobin binding pockets on erythrocytes, and thereby 
provides clinical benefit for major B-hemoglobin diseases such as SCD and B-thalassemia. The 
trial involved collecting autologous hematopoietic stem and progenitor cells from peripheral blood 
and using CRISPR/Cas9 to disrupt the intronic erythroid-specific enhancer for the BCLIJA gene 
(NCT03745287) as disruption of this gene increases HbF expression. Genetically modified hemato- 
poietic stem cells with BCL//A disruption are delivered by IV infusion after myeloablative condi- 
tioning with busulfan to destroy unedited hematopoietic stem cells in the bone marrow. Preliminary 
findings from two patients receiving this treatment seem promising. One SCD patient was reported 
to have 46.6% HbF and 94.7% erythrocytes expressing HbF after 4 months of CTX001 transfusions 
and one -thalassemia patient is expressing 10.1 g/dL HbF out of 11.9 g/dL total hemoglobin, and 
99.8% erythrocytes expressing HbF after 9 months of the therapy. Results from the clinical trial that 
has opened for this therapy (NCT04208529) to assess the long-term risks and benefits of CTX001 
will dictate whether this approach can provide a novel therapeutic opportunity for a disease that 
otherwise has limited treatment options. 


13.6.2 IN vivo CRISPR GENE THERAPY 


While the aforementioned trials rely on ex vivo editing and subsequent therapy with modified cells, 
in vivo approaches have been less extensively employed. An exciting step forward with CRISPR 
gene therapy has been recently launched with a clinical trial using in vivo delivery of CRISPR/ 
Cas9 for the first time in patients. While in vivo editing has been largely limited by inadequate 
accessibility to the target tissue, a few organs, such as the eye, are accessible. Leber congenital 
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amaurosis (LCA) is a debilitating monogenic disease that results in childhood blindness caused 
by a bi-allelic loss-of-function mutation in the Centrosomal Protein 290 (CEP290 gene), with no 
treatment options. This therapy, named EDIT-101, delivers CRISPR/Cas9 directly into the retina of 
LCA patients specifically with the intronic IVS26 mutation, which drives aberrant splicing resulting 
in a non-functional protein. The therapy uses an AAV5 vector to deliver nucleic acid instructions 
for Staphylococcus aureus Cas9 and two guides targeting the ends of the CEP290 locus contain- 
ing the IVS26 mutation. The DSB induced by Cas9 and both guides result in either a deletion or 
inversion of the IVS26 intronic region, thus preventing the aberrant splicing caused by the genetic 
mutation and enabling subsequent translation of the functional protein. Potential immunotoxicity or 
Off target editing (OTEs) arising from nucleic acid viral delivery will have to be closely monitored. 
Nonetheless, a possibly curative medicine for genetic blindness using an in vivo approach marks an 
important advancement for CRISPR gene therapy. 


13.6.3 CRISPR EDITING IN HUMAN EMBRYOS AND ETHICAL CONSIDERATIONS 


While somatic editing for CRISPR therapy has been permitted after careful consideration, human 
germline editing for therapeutic intent still remains controversial. With somatic edition, the poten- 
tial risks would be probable in a private patient who participates in the study after being informed. 
Embryonic editing not only removes autonomy within the decision-making process of the born 
individuals, but also allows unpredictable and permanent adverse effects which will be transmitted 
through generations. A pilot study involved gene-splicing of the C-C chemokine receptor type 5 
(CCR5) gene in human embryos, with the intention of conferring HIV-resistance, as seen by a pres- 
ent CCR5A32 mutation in a very few individuals [103]. On the idea of limited evidence, CRISPR/ 
Cas9 is reported to be utilized to target this gene, but rather than replicating the naturally observed 
and beneficial 32-base deletion, this gene editing induces DSBs at one end of the deletion, thereby 
allowing NHEJ to repair the damaged DNA and also introducing random mutations. it’s not certain 
that the resultant protein can function similarly to the present CCR5A32 protein and confer HIV 
resistance. Additionally, just one of the two embryos, termed with the pseudonym Nana, had under- 
gone successful gene editing in both copies of the CCR5 gene, whereas the opposite embryo, with 
pseudonym Lulu, had successful editing in precisely one copy. 

Moreover, in recent studies, it’s observed that the mechanism for infection of some variants of the 
highly mutable HIV virus may heavily depend upon the C-X-C chemokine receptor type 4 (CXCR4) 
co-receptor. With no attempts at editing CXCR4, this adds yet one more layer of skepticism toward 
achieving HIV resistance by this strategy. Additionally, OTEs, particularly over the lifetime of an 
individual, remain a significant concern for applying this technology in humans. The recent advances 
within the editing tool to limit OTEs, like using high fidelity Cas9 variants, has not been exploited. 
Furthermore, the rationale for choosing HIV prevention for the primary use of CRISPR in implanted 
human embryos contributes to the poor risk to learn ratio of this study, considering HIV patients can 
live long, healthy lives on a drug regimen. A more appropriate first attempt is to use this technology 
for a more severe disease. as an example, correction of the myosin-binding protein C (MYBPC3) 
gene is arguably an improved target for embryonic gene editing, as mutations in MYBPC3 can cause 
cardiomyopathy (HCM), a cardiopathy liable for most sudden cardiac deaths in people under the age 
of 30. Gene correction for this pathological mutation was achieved recently for the first time within 
the US in viable human embryos using the HDR-mediated CRISPR/Cas9 system.[104, 105] 

However, these embryos were edited for basic research purposes and not intended for implanta- 
tion. During this study, sperm carrying the pathogenic MYBPC3 mutation and therefore the CRISPR/ 
Cas9 machinery as an RNP complex were microinjected into healthy donor oocytes arrested at 
MII, achieving 72.4% homozygous wild type embryos, as against 47.4% in untreated embryos. 
The HDR-mediated gene correction was observed at considerably high frequencies with no detect- 
able OTEs in selected blastomeres, likely because of the direct microinjection delivery of the RNP 
complex within the early zygote. Interestingly, the maternal wildtype DNA was used preferentially 
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TABLE 13.2 


Clinical Intervention of Crisper Gene Therapy 


Affiliation 

University of 
Pennsylvania/Parker 
Institute for Cancer 
Immunotherapy/ 
Immunity 

Affiliated Hospital to 
Academy of Military 
Medical Sciences/Peking 
University/Capital 
Medical University 

CRISPR Therapeutics AG 


Crispr Therapeutics/Vertex 


Crispr Therapeutics 


Editas Medicine, Inc./ 
Allergan 


Vertex Pharmaceuticals 
Incorporated/CRISPR 
Therapeutics 


Allife Medical Science and 
Technology Co., Ltd. 


Yang Yang, The Affiliated 
Nanjing Drum Tower 
Hospital of Nanjing 
University Medical 
School 


Type of Disease 


Multiple Myeloma, 
Melanoma, Synovial 
Sarcoma, Myxoid/ 
Round Cell 
Liposarcoma 

HIV-1 


Multiple Myeloma 


Beta-Thalassemia, 
Thalassemia, Genetic 
Diseases Inborn, 
Hematologic Diseases, 
Hemoglobinopathies 

B-cell Malignancy Non- 
Hodgkin Lymphoma 
B-cell Lymphoma 


Leber Congenital 
Amaurosis 10 


Sickle Cell Disease, 
Hematological 
Diseases, 
Hemoglobinopathies 


Thalassemia 


Stage IV Gastric 
Carcinoma, Stage 
IV Nasopharyngeal 
Carcinoma, T-Cell 
Lymphoma Stage IV, 


Stage IV Adult Hodgkin 


Lymphoma, Stage IV 
Diffuse Large B-Cell 
Lymphoma 


Gene 
Target 


TCRa, 
TCR, 
PDCDI 


CCR5 


TCRa, 
TCR, 
B2M 


BCLI1A 


TCRa, 
TCRB 


CEP290 


BCLI1A 


HBB 


PDCDI 


Clinial 
Trial ID 


NCT03399448 


NCT03 164135 


NCT04244656 


NCT03655678 


NCT04035434 


NCT03872479 


NCT03745287 


NCT03728322 


NCT03044743 


CRISPR-Cas9 Mediated 
Intervention 


NY-ESO-1 redirected 
autologous T cells with 
CRISPR edited endogenous 
TCR and PD-1 


CD34+ hematopoietic stem/ 
progenitor cells from donor 
are treated with CRISPR/Cas9 
targeting CCR5 gene 


CTX120 B-cell maturation 
antigen (BCMA)-directed 
T-cell immunotherapy 
comprised of allogeneic 
T cells genetically modified ex 
vivo using CRISPR-Cas9 gene 
editing components 

CTX001 (autologous CD34+ 
hHSPCs modified with 
CRISPR-Cas9 at the erythroid 
lineage-specific enhancer of 
the BCL11A gene) 

CTX110 (CD19-directed T-cell 
immunotherapy comprised of 
allogeneic T cells genetically 
modified ex vivo using 
CRISPR-Cas9 gene editing 
components) 

Single escalating doses of 
AGN- 151587 (EDIT-101) 
administered via subretinal 
injection 

CTX001 (autologous CD34+ 
hHSPCs modified with 
CRISPR-Cas9 at the erythroid 
lineage-specific enhancer of 
the BCL11A gene) 

Investigate the safety and 
efficacy of the gene correction 
of HBB in patient-specific 
iHSCs using CRISPR/Cas9 

CRISPR-Cas9 mediated 
PD-l knockout-T cells from 
autologous origin 


(continued) 
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TABLE 13.2 


(Continued) 


Clinical Intervention of Crisper Gene Therapy 


Affiliation 
First Affiliated Hospital, 


Type of Disease 


Human Papillomavirus- 


Gene 
Target 


Clinial 
Trial ID 


HPV16and  NCTO03057912 


CRISPR-Cas9 Mediated 
Intervention 


Evaluate the safety and efficacy 


Sun Yat-Sen University/ Related Malignant HPV18 of TALEN-HPV E6/E7 and 
Jingchu University of Neoplasm E6/E7 CRISPR/Cas9-HPV E6/E7 
Technology DNA in treating HPV Persistency 
and HPV-related Cervical 
Intraepithelial Neoplasia I 
Sichuan University/ Metastatic Non-small PDCD1 NCT02793856 CRISPR-Cas9 mediated 
Chengdu MedGenCell, Cell Lung Cancer PD-1 knockout-T cells from 
Co., Ltd. autologous origin 
Peking University Metastatic Renal Cell PDCD1 NCT02867332 CRISPR-Cas9 mediated 
Carcinoma PD-l knockout-T cells from 
autologous origin 
Peking University Hormone Refractory PDCD1 NCT02867345 CRISPR-Cas9 mediated 
Prostate Cancer PD-1 knockout-T cells from 
autologous origin 
Peking University Invasive Bladder Cancer PDCD1 NCTO2863913 CRISPR-Cas9 mediated 
Stage IV PD-1 knockout-T cells from 
autologous origin 
Hangzhou Cancer Esophageal Cancer PDCD1 NCT03081715 CRISPR-Cas9 mediated 
Hospital/Anhui Kedgene PD-1 knockout-T cells from 
Biotechnology Co., Ltd autologous origin 
Chinese PLA General Solid Tumor, Adult TCRa, NCT03545815 Evaluate the feasibility and 
Hospital TCR, safety of CRISPR-Cas9 
PDCDI mediated PD-1 and TCR 
gene-knocked out chimeric 
antigen receptor (CAR) T cells 
in patients with mesothelin 
positive multiple solid tumors 
Baylor College of T-cell Acute CD7 NCT03690011 CRISPR-Cas9 mediated 
Medicine/The Methodist Lymphoblastic CD7 knockout-T cells from 
Hospital System Leukemia, T-cell autologous origin 
Acute Lymphoblastic 
Lymphoma, T-non- 
Hodgkin Lymphoma 
Chinese PLA General B Cell Leukemia, B Cell PDCD1 NCT03398967 Determine the safety of the 
Hospital Lymphoma allogenic CRISPR-Cas9 gene- 


edited dual specificity CD19 
and CD20 or CD22 CAR-T 
cells 


for templated repair over the provided exogenous ssODN template [106-108]. While evidence for 
gene correction was promising, non-homologous end joining (NHEJ) mediated DNA repair was still 
observed in many embryos, highlighting the necessity to enhance HDR efficiency before clinical 
application is considered. Although strategies are developed to boost HDR, like chemical inhibitors 
of NHEJ, such techniques may have varying outcomes in embryonic cells and side effects that will 
arise from treatment that has to be investigated. Germline gene editing will remain ethically unfavor- 
able in its current state, and its discussions might not be considered until sufficient long-term studies 
of the continued somatic CRISPR therapy clinical trials are evaluated. 
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13.7 CONCLUSION 


The knowledge of the biology of the CRISPR—Cas9 system is required for genome editing. The 
intensification in cleavage specificity of Cas9, and also the lessening of off-target activity of this 
enzyme, precisely enables to acknowledge particular target DNA sequences so as to edit or modify 
the genome accurately. CRISPR databases and tools provide detailed information and proper facility 
for altering, modifying, or visualizing genomes to conduct correct genome editing experiments. It 
is seen that CRISPR—Cas9 technology has been utilized in various fields, including disease treat- 
ment associated with genetic disorders or pathogens, recombinant DNA technology, agriculture, and 
clinical applications. However, many challenges have to be overcome. 

Additional studies on CRISPR—Cas9 organization and possible applications of this technology 
will help us overcome these challenges, thereby resulting in better quality within the lives of humans 
within society by conquering complex diseases and improving crop field. Improvement of CRISPR 
tools is indispensable so off-target cleavage activity by Cas9 is decreased effectively. Advancement 
in exact delivery strategies of CRISPR—Cas9 system into cells of higher-class organisms like plants 
and mammals are crucially important. Identification of drug targets accurately by the utilization of 
CRISPR-Cas9 technology will play a very important role within the development of current drugs 
for the impending dreadful diseases. Insertion of altered transposable elements or TEs by this tech- 
nology can result in crop improvement, and therefore the ability to form new ornamental plants. 

As CRISPR-Cas system is found in bacteria, it undertakes evolution rapidly and eventually may 
produce new Cas genes which will encode new proteins. Thus, these proteins may have the budding 
potential for genome editing or other similar applications within the near future. Of late, Cas12a 
has been known to have great purpose in genome editing. CRISPR technology has also been of 
great use to treat cancer and other diseases. CRISPR—Cas9 technology experiments are normally 
performed in vitro in model organisms and stem cells like human pluripotent stem cells (hPSCs). 
Gene editing by this technology is also conducted in human embryonic stem cells (ESCs) in vitro to 
correct mutations, but research in ESCs gives rise to many ethical issues. However, it is undeniable 
that the genome editing of ESCs has the potential to give rise to organisms possessing outstanding 
desirable qualities. Safety measures are essential while using this technology to prevent its misuse 
or minimize the risk of the negative impact of genome editing. 

We can conclude that CRISPR is still a young and very influential genetic editing tool. Its mecha- 
nism lets scientists edit any DNA sequences within any organism, which is remarkable for genetic 
editing. The invention of CRISPR may well lead to a golden age of genetic editing. In the future, 
CRISPR and genetic editing will be pragmatic in almost every aspect of our life. 
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14.1 PRIMARY IMMUNODEFICIENCIES (PIDS) 


Primary immunodeficiencies (PIDS) are the inherited birth defects of the immune system (innate 
or adaptive) that affects 1:10,000 born individuals [1, 2]. There exists >400 PIDS and have been 
categorized as immune regulatory disorders, combined immunodeficiencies, defects in natural 
immunity, lack of antibodies, deficiency of the complement system, defective phagocytosis, and 
autoinflammatory diseases [3]. The immune system deficiencies are mostly diagnosed in juvenile 
and adolescent patients, but the mild phenotype of PID may not present itself until adulthood. Thus, 
increased numbers of individuals are being diagnosed in adulthood [4]. 

Clinical presentation of PIDs is diverse, while frequent infections that are severe and fatal are the 
most commonly encountered. Cytopenias, serious autoinflammatory complications (hemophago- 
cytic lymphohistiocytosis (HLH)), autoimmune phenomena (idiopathic thrombocytopenic purpura), 
or hematological malignancies (lymphoid malignancies) can all point toward an underlying PID [5]. 
PID clinical severity is also disparate, with a child suffering from severe combined immunodefi- 
ciency (SCID) requiring compelling allogeneic hematopoietic stem cell transplantation (alloHSCT), 
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while an adult with common variable immunodeficiency (CVID) thrives on basic treatment involv- 
ing immunoglobulin (Ig)-replacement. 

Mild phenotypic PID individuals may only require supportive care for maintenance of the quality 
of life and life expectancy, while PIDs resulting in fatal complications (HLH, malignancy, or infec- 
tions) require a reliable treatment for prevention of morbidity and mortality. AIloHSCT is impera- 
tive for the survival of infants suffering from SCID. AIloHSCT is a part of the primary treatment for 
aggressive PIDs like Wiskott—Aldrich syndrome (WAS) and chronic granulomatous disease (CGD). 
The course of action for rare PIDs involves transplantation only in the case of the development of 
fatal complications. The alloHSCT field has progressed for over 50 years and has achieved a greater 
than 95% survival rate in SCID patients [6]. 

The major limitation of transplantation is graft-versus-host disease (GVHD). Graft-versus- 
malignancy effect provides an advantage to malignant PIDs cases, as it eliminates residual malig- 
nant cells from the system. AlloHSCT should provide lasting engraftment and resolve clinical 
presentation of the PID, while also minimizing the chances of GVHD. Human leukocyte antigen 
(HLA)-compatibility served as a limitation for alloHSCT, as only 25% of patients had an HLA- 
identical sibling donor, and fewer than 70% had an HLA-compatible unrelated donor, which was 
overcome by the development of haploidentical alloHSCT procedures that utilize T-cell depletion 
to prevent GvHD, even if the donor and recipient have a difference of the entire haplotype [7, 8]. 
The improved protocols utilizing transplant manipulation, together with depletion of B- and T-cells 
or post-transplant cyclophosphamide (PTCy), have increased overall survival (OS) and decreased 
GvHD in non-malignant PID patients [9-11]. To achieve better outcomes in PID patients, prompt 
transplantation is preferred, but the development of reduced-intensity conditioning (RIC) regimens 
for adult PID cases has improved survival rates and transplant outcomes for alloHSCT [12, 13]. 
While the alloHSCT has come a long way, it still can lead to complications like GVHD, graft failure 
and rejection, and transplantation-related mortality (TRM) [5, 14, 15]. AlloHSCT with prolonged 
immunosuppression is not a viable option for adult PID patients with end-stage organ damage [16]. 

Autologous hematopoietic stem cell gene therapy (HSC-GT) does not require immunosuppres- 
sion as prophylaxis for GvHD and the requirement of an HLA-compatible donor [17]. HSC-GT 
utilizes retroviruses as vectors for targeting PID due to the monogenetic nature of the defect and 
clinical presentation of the immune dysfunction. It can readily repair the immune cells defect by 
manipulating HSC and confers a survival advantage to genetically modified cells. Hematopoietic 
and progenitor cells demonstrating CD34, a cell surface marker, are harvested by bone marrow 
purification or by extracting mobilized stem cells by aphaeresis of the peripheral blood with the 
use of a plerixafor (selective chemokine receptor (CXCR4) antagonist) and granulocyte colony- 
stimulating factor (G-CSF) combination. For sickle cell disease patients, plerixafor alone is used, 
instead of the combination to overcome disease-specific limitations in progenitor and hemato- 
poietic cells’ mobilization [18-20]. Leukapheresis harvests HSCs from the blood circulation. 
The extracted CD34+ cells are carefully chosen and cultivated under artificial media that support 
repopulation, genetic editing, and transmission of the correction of the genetic defect [21-23]. 
Cell division ensures that the genetic modification is inherited by the subsequent progeny of hema- 
topoietic lineages [24]. The patient is pre-conditioned, and the gene edited HSCs are transfused 
into the patients. These gene edited HSCs gather into the bone marrow, where they preserve their 
self-renewal aptitude, and the genetic correction is passed on to the future immune-hematopoietic 
progenies via cell differentiation [25]. 

HSC-GT is making progress for the treatment of PID, with Strimvelis being the first HSC-GT, a 
SIN-yRV (self-inactivating (SIN) LTR modification of y-retrovirus vector(yRV)) approved in 2016 
in Europe for the treatment of adenosine deaminase-deficient SCID (ADA-SCID) in patients who do 
not have an HLA compatible supporter for alloHSCT [26]. HSC-GT carries the risk of yRV induced 
insertional mutagenesis caused by the gamma-retroviral vector and toxicities related to erroneous 
genetic modification of non-targeted sites by the techniques used for gene editing [27]. 
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14.1.1 Severe COMBINED IMMUNODEFICIENCIES 


14.1.1.1 Adenosine Deaminase-Deficient Severe Combined 
Immunodeficiency (ADA-SCID) 

ADA-SCID, a PID that lacks enzyme adenosine deaminase, causing immunodeficiency due to 
absenteeism of natural killer (NK), B, and T-cells, with fatal outcomes in infancy without alloHSCT 
therapy. HSC-GT clinical study established that transduction of T-lymphocytes was possible with 
the use of yRV vectors containing ADA enzyme. The treated patients produced ADA enzyme endog- 
enously that resulted in improvement of the clinical phenotype [28, 29]. This method overcame 
the limitation of multiple transfusions of modified T-lymphocytes for the maintenance of thera- 
peutic outcomes [29-31]. Busulfan conditioning improved ADA multilineage engraftment [32, 33] 
and reduced the number of patients requiring enzyme replacement therapy [34]. Strimvelis is the 
first HSC-GT, a SIN-yRV (self-inactivating (SIN) LTR modification of y-retrovirus vector (yRV)) 
approved in 2016 in Europe for the treatment of adenosine deaminase-deficient SCID (ADA-SCID) 
who lack a suitable donor for alloHSCT [26], which is exclusively available in Milan, Italy, and 
requires patients globally to undertake a medical holiday to receive Strimvelis, as it is fresh cell 
product. When yRV vectors were utilized for X-linked SCID (X-SCID), they resulted in insertional 
mutagenesis [35-37] that led to the development of SIN-LV vectors that have an enhanced safety 
and efficiency profile when compared to yRV vectors [38]. HSC-GT is now considered one of the 
first-line therapies for ADA-SCID in Europe [39]. 


14.1.1.2 X-linked Severe Combined Immunodeficiency (X-SCID) 

X-SCID is an X-linked disorder that mutates the common cytokine receptor gamma chain [interleu- 
kin 2 receptor subunit gamma (IL2RG) gene], prevents normal development and functioning of the 
lymphocytes, and produces deficits in cellular and humoral immunity. Infants suffering from severe 
infections are the first signs of clinical presentation. Treatment involves alloHSCT or HSC-GT for 
the prevention of mortality [40]. yRV vectors were initially utilized, which provided successful 
immune reconstitution and persistence of gene-marked cells, but led to the development of T-cell 
lymphoblastic leukemia [41, 42]. To overcome insertional mutagenesis, SIN- yRV and SIN-LV vec- 
tors were developed. HSC-GT is being evaluated in numerous clinical studies for X-SCID. 


14.1.1.3 Artemis SCID and Recombinase-activating Gene 1 (RAG1) Deficiency 

RAGI gene defects impair the functioning of T-cells due to variable (V), diversity (D), and join- 
ing (J) genes-VDJ recombination faults and, consequently, lead to the development of abnormal 
T-cell receptor (TCR) and Ig receptor reorganization. Additionally, these patients are predisposed 
to develop malignancies [43]. Treatment with alloHSCT is challenging, as patients suffering from 
Artemis SCID bear a mutation that confers on them sensitivity to radiotherapy or alkylating chemo- 
therapy, which is utilized in preconditioning to achieve optimal immune reconstitution [44]. SIN-LV 
vector carries Artemis cDNA and endogenous promoter. It potentially restores B and T-cells after 
transducing the CD34+ cells of Artemis SCID patients, and corrects radiosensitivity in patients’ 
fibroblasts [44, 45]. 


14.1.2 COMBINED IMMUNODEFICIENCIES 


14.1.2.1  Wiskott-Aldrich Syndrome (WAS) 


WAS, X-linked inheritable PID presents itself as autoimmunity, recurrent infections, tendency to 
develop lymphoid cancer, macrothrombocytopenia, and severe eczema. WAS gene mutation hin- 
ders WAS protein (WASp) which is essential for actin polymerization. Actin is crucial for entire 
hematopoietic lineages, as it plays an important role in formation of immunological synapse, cell 
migration, and cytotoxicity [46]. AlloHSCT has provided conservative benefits in WAS, with 
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benefits deteriorating for patients aged more than five years [27]. yRV vectors led to the devel- 
opment of leukemogenesis [47]. A SIN-LV vector utilizing a fragment of endogenous WAS gene 
promoter, together with fludarabine and busulfan conditioning, is showing promise in clinical trials 
with patients not requiring Ig-replacement therapy [48]. Yet the platelet counts were below normal, 
maybe attributed to WASp expression in platelet precursors [49, 50]. 


14.1.3 DISORDERS OF PHAGOCYTE NUMBER AND FUNCTION 


14.1.3.1 Chronic Granulomatous Disease (CGD) 


CGD causes mutations in nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex 
that compromises the production of reactive oxygen species (ROS), causing impaired functioning 
of neutrophils, macrophages, phagocytes, and monocytes. The patients usually present themselves 
with fatal fungal and bacterial infections and hyper inflammation, mostly due to treatment-resistant 
colitis [51]. There are two variants of CGD. X-linked variation is the most encountered mutation 
of cytochrome B-245 beta chain (CYBB) gene that codes gp91phox subunit of NADPH-oxidase, 
while the autosomal recessive form of CGD is rare and affects one-third of all the CGD patient 
population. The symptoms don’t necessarily surface in childhood or adolescence, but can also pres- 
ent themselves in adulthood [52]. Registry trials data suggests that 50-55% of CGD patients survive 
till the age of 40 years with supportive care, but the condition severely affects the quality of life 
[53]. AIloHSCT has been therapeutically efficacious, and with RIC regimens, exceptional survival 
outcomes have been achieved [13]. But early diagnosis and definitive treatment are the keys to pre- 
venting mortality and morbidity [12—14, 54]. 

Similar to other PIDs, chances of malignancy increased with the use of yRV vectors, and those 
vectors even lacked adequate gene marking in myeloid lineage without pre-conditioning [55]. 
SIN-LV vectors were safer and more efficacious alternatives to the yRV vectors, as these improved 
myeloid gene marking with the use of a chimeric promoter that drives the codon-optimized CYBB 
cDNA [56, 57]. HSC-GT utilizing SIN-LV is in the clinical trial phase and has demonstrated immune 
reconstitution in older (>18 years) patients [58]. HSC-GT utilizing SIN-LV vectors targeting p47 
deficiency of autosomal recessive CGD is being evaluated in clinical trials [59]. 


14.1.3.2 Leucocyte Adhesion Defect Type 1 (LAD-1) 


LAD-1 is a phagocyte functional disease caused due to defects in integrin subunit beta 2 (ITGB2) 
gene that causes faulty or missing b-integrin molecules (CD11a and CD18) to impair leucocytes’ 
adhesion and migration. Symptoms surface during infancy and are presented as delayed wound 
healing and deep tissue infections [60]. The preferred treatment is alloHSCT, with overall survival 
rates of approximately 75% [60]. HSC-GT utilizing SIN-LV vectors, together with pre-conditioning 
with busulfan, is in the clinical phase of development [61, 62]. 


14.1.4 Diseases OF IMMUNE DysSREGULATION 


14.1.4.1 Familial Hemophagocytic Lymphohistiocytosis (FLH) 

Hemophagocytic lymphohistiocytosis (HLH) can be fatal. The symptoms include cytopenias, hyper 
inflammation, splenomegaly, and uncontrolled immune activation [63]. HLH can be caused due to 
various underlying conditions, like familial hemophagocytic lymphohistiocytosis (FHL), autoim- 
munity, infection, or malignancy. Defects in the functioning of cytotoxic T- and NK-cells, together 
with autosomal recessive alterations in syntaxin 11 (STX11), MUNC 13-4 [Protein unc-13 homolog 
D (UNC13D)], and perforin (PRF1) result in the development of FHL. The most common cause is 
PRF1 mutations. AlloHSCT is the preferred treatment modality for genetically mutated or relapsed 
refractory HLH patients [64, 65]. Etoposide, with or without cyclosporine and glucocorticoids, are a 
part of the standard of care, but lack adequate disease control in 40% of patients [66]. Emapalumab, 
an anti-interferon gamma (IFNy) monoclonal antibody, has been approved as second-line therapy 
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for primary HLH in the USA, as IFNy plays a central role in pathogenesis in HLH, with levels corre- 
lating with active disease [67, 68]. Alemtuzumab and Janus kinase (JAK) inhibitors are being tested 
for improving remission and allowing progress to HSCT [69-74]. Alemtuzumab with corticoste- 
roids and cyclosporine has provided favorable safety and efficacy in children suffering from primary 
HLH (91.6% survived to alloHSCT) [74]. HSC-GT and T-cell strategies are being developed for the 
treatment of FHL [75-79]. 


14.1.4.2  X-Linked Lymphoproliferative Disease 1 (XLP1) 

XLP1 develops due to mutations in the SH2 domain-containing 1A (SH2D1A) gene that leads to 
the development of defects in an intracellular adaptor protein, SLAM-associated protein (SAP), 
essential for T-cell and NK-mediated cytotoxicity and T follicular helper cell function [80]. The 
clinical manifestation of XLP1 is dysregulation of the immune system, with HLH and lymphoma 
development [81]. The only definitive therapy available is alloHSCT but active disease at the time 
of transplant worsens survival outcomes [81]. T cell transduction with SIN-LV vectors incorporating 
SAP cDNA is being developed for XLP1 [82]. 


14.1.4.3 Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-Linked (IPEX) 
Syndrome 

Regulatory T cells (Tregs) prevent autoimmunity as they control immune response to self-antigens. 
IPEX syndrome develops due to the defects in transcription factor fork head box P3 (FoxP3) that are 
essential for the normal development and functioning of Tregs. IPEX syndrome clinically presents 
itself as eczema, enteropathy, and type I diabetes mellitus. Treatment involves prolonged immu- 
nosuppression and alloHSCT, but immune-mediated complications can limit its efficacy [83]. The 
T-cell approach lacks capability for the generation of an adequate amount of Tregs to improve clini- 
cal phenotype [84]. HSC-GT is challenging as FoxP3 expression in HSCs prevents proliferation and 
differentiation of the stem cells. The SIN-LV vector incorporating the endogenous FoxP3 promoter 
and regulatory elements has shown favourable results that induced lineage-specific expression in 
progeny of transduced HSCs [84-86]. 


14.2 ACQUIRED IMMUNODEFICIENCIES (AIDS) 


Human Immunodeficiency Virus (HIV) causes the development of Acquired Immune Deficiency 
Syndrome (AIDS). HIV is infectious and spreads through sexual contact [87]. It is categorized into 
HIV type 1 (HIV-1) and HIV type 2 (HIV-2) [88]. Later stages of viral infection, wherein the body’s 
immune system is severely compromised, is known as AIDS. HIV patients are at an increased risk 
of developing AIDS-related syndromes and hematological malignancies, like multiple myeloma, 
Hodgkin lymphoma, non-Hodgkin lymphoma (NHL), and leukemia [89, 90]. 

Strategies employed to cure HIV are subdivided into two groups: “sterilizing cure” eradicates 
HIV-1 from the patients while “functional cure” controls HIV prognosis in terms of virus replication 
and CD4 T-lymphocytes in the absence of ART therapy. AIloHSCT in the absence of ART therapy 
has cured three patients globally that received stem cells from donors that carried the homozygous 
CCR5A32/A32 mutation [91, 92]. The patients suffered homological cancer that required alloHSCT 
[93]. Gene therapy with various strategies, like adoptive transfer of chimeric antigen receptor T 
cells or T cells with affinity-enhanced T cell receptors, fusion inhibitors, trans-dominant proteins, 
ribozymes, endoribonucleases, antisense strategies, combinatorial strategies, genome editing, epig- 
enome editing, are being developed [93]. 


14.3 CONCLUSION 


HSC-GT can become a part of the standard of care for certain PIDs. PIDs like ADA-SCID, which 
have an excellent prognosis with alloHSCT, may not witness preference to HSC-GT in the primary 
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treatment protocol. HSC-GT may be preferred in conditions that carry high risk with alloHSCT, 
like the X-linked inhibitor of apoptosis (XIAP) and Artemis SCID. HSC-GT is promising, as it 
provides a treatment option to patients who may have limited treatment options. The widespread 
adoption of HSC-GT is limited due to high cost and lack of availability, as compared to alloHSCT. 
Non-genotoxic conditioning agents and gene-editing technologies may reduce risks and improve the 
efficacy of HSC-GT. 

Development of cell and gene therapies for HIV have not yet achieved success due to various 
factors, For instance, ell-based therapies must consider the reservoirs of latent viruses, virus het- 
erogeneity in the patients, escape mutations, technical challenges related to successful gene trans- 
fer or genome editing, as well as the sustenance of the genetically altered cells in vivo. The latter 
includes the potential immunogenicity of expressed transgenes and the cytotoxicity associated with 
the genetic modification. The choice of the genetic target is demanding, too. Even aiming for highly 
conserved regions of HIV is not always crowned by success. 

The development of HSC-GT may better equip us to provide a better treatment alternative that 
is efficacious and devoid of side effects, and also circumvents the difficulties of alloHSCT for PIDs 
and AIDs. 
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15.1 INTRODUCTION 
15.1.1 Gene DELIVERY 


As genome editing quickly advances toward its clinical translation,! evaluating the efficiency of 
current instruments and forms utilized for its benefit-risk evaluation is critical.’ Despite the fact that 
current directions may at first give a satisfactory administrative regulatory system, enhancements 
are suggested and are required to overcome a few existing technology-based security concerns.” For 
the last three decades, gene therapy has been utilized to rectify inborn natural defects, and several 
gene therapy treatments have received European marketing authorization.” > Numerous, effective, 
quality therapy applications have centered on the transfer of restorative qualities, utilizing both inte- 
grating and non-integrating viral vector frameworks.* The exchanged genes usually complement or 
supplant the function of the dysfunctional or dysregulated genes, thereby correcting the phenotype 
of the targeted cells.! 


15.1.1.1 Somatic Gene Editing 

Alternatively, other types of gene therapy focus on targeted genome editing by utilizing designer 
nucleases.° In this setting, a flawed gene is repaired in situ to rectify loss-of-function mutations 
underlying acquired disorders, or on the other hand, functional genes are edited to bestow resistance 
to a pathogen.! 5 A major disadvantage of genome editing has been relatively lower transduction 
efficiency in human cells, but advances within the recent years have essentially enhanced gene- 
editing efficiencies and empowered a quick translation of this innovation to the clinic.! 


15.1.1.2 Genome Editing Technologies: Viral Vectors and Nonviral Vectors 


Viruses and liposomes: Although numerous delivery systems are accessible, retrovirus and lentivi- 
rus mediated gene transfer allows integration and long-term gene expression, which may, in turn, 
advance a solid restorative therapeutic impact.® ” $° 10 The primary results utilizing retroviral-medi- 
ated quality exchange to treat patients with progressed melanoma were reported in 1990.'° Since 
then, persistent advancements have been made within the field of quality treatment, extending the 
strategies and security of gene editing systems (retroviral vectors, adenoviral vectors, and lentiviral 
vectors), target cells (stem cell, dendritic cell, T cell, etc.).7 For the eight cell therapy products under 
investigation, five utilized a third-generation, self-inactivating lentiviral vector framework; one uti- 
lized a two-plasmid lentiviral framework (HIV LTR); and two utilized second-generation retroviral 
vector frameworks for manufacturing.’ Herpes simplex virus (HSV) based vectors have also been 
attractive choices, due to their huge capacity to accommodate foreign DNA and their episomal pres- 
ence within the latent phase in the host organism.!!: !? 

Non-viral methods include engineered strategies that utilize cationic lipids, polymers, or proteins 
that form complexes with DNA, hence condensing it into particles 100 to 300 nm in size. Cationic 
lipids can be utilized in clinical trials, but due to their toxicity for intravenous infusions, they have 
been suggested for intraperitoneal transfer of genes, such as in intraperitoneally metastatic ovar- 
ian cancer. Examples of cationic lipids include DDAB, DODAP, DOGS, DOTAP, DC-Chol in 1:1 
molar ratios with the zwitterionic and fusogenic DOPE [Abbreviations: DDAB: dimethyldiocta- 
decyl ammonium bromide (same asN,N-distearyl-N,N-dimethylammonium bromide); DODAP:1,2- 
dioleoyl-3-dimethylammonium propane; DOGS: Dio-ctadecylamidoglycylspermine; DOTAP 
(same as DOTMA): N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethylammoniumchloride; DC-Chol, 
3B-(N-(N’,N’-dimethylaminoethane carbamoyl) cholesterol. DOPE, 1,2-sn-dioleoylphoshatidy- 
lethanolamine.] !!» 1% 14 Not only cationic liposomes, but also neutral/zwitterionic liposomes have 
been investigated for delivery of DNA to cells.!5 

Polymers: Dendrimers are nanometer-sized, highly branched, and monodisperse polymers, with 
symmetrical architecture that can be used for clinical trial. Nanoparticles have been used in a variety 
of ways to deliver drugs and genes into cells.!!: 16 
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Peptide-DNA Complexes: Basic amphiphilic peptides have been designed as components to bind 
to nucleic acids, improving plasmid delivery to cells.!! 17 

Other systems: Endovascular microcoils as interventional methods to treat cerebral aneurysms 
have been effectively utilized as a gene delivery system.!!» 18 


15.1.2 CLINICAL TRIALS IN GENE THERAPY 


15.1.2.1 Clinical Trials in Liver 

The liver performs a host of complex functions, such as (a) bile generation and excretion, and (b) 
excretion of bilirubin, cholesterol, hormones, and drugs. (c) digestion of fats, proteins, and carbo- 
hydrates, (d) capacity of glycogen, vitamins, and minerals, (e) blood detoxification and filtration, 
(£) union of plasma proteins, and clotting components, thus is a high value therapeutic target.!% 2 
Within the liver, pioneering trials in adults with hemophilia B, and more as of late with hemophilia 
A, have demonstrated a sustained clinical advantage after systemic delivery of adeno-associated 
infection (AAV) vectors encoding human factor IX or VIII?! Currently, there are over of 2507, 24 
approved A AV-based trials, with approximately 15% of these trials targeting the liver.257 


15.1.2.2 Clinical Trials in Rare Diseases 

One of the most successful stories in rare ocular diseases is the evolution of gene therapy to treat 
retinal biallelic dystrophy associated with the RPE65 mutation.% The RPE65 gene codes for the 
RPE65 protein, involved in vitamin A metabolism associated with the conversion of retinol in the 
concurrent vision cycle.”* Mutations in this gene lead to functional loss or even death of retinal pig- 
mented epithelial cells that causes early vision loss, resulting in blindness.’ In total, approximately 
1,000-2,000 people in the US are affected by hereditary retinal dystrophy.”* Rare disease trials come 
with their special set of ethical challenges — restricted information of disease pathogenesis, few or 
non-validated biomarkers or clinical endpoints, and few patients with tall topographical scattering, 
with a limited number of experienced clinical examiners.25 Assessing a quality treatment compli- 
cates trial operations, as trial supports must adapt with a long possibility handle to ensure potential 
trial destinations and expertise to run a quality treatment trial.7° 2% 


15.1.2.3 Clinical Trials in Cancer 


Since 2016, 18 clinical trials have been propelled and eight of them are immunotherapies for modi- 
fied cell death-1 (PD-1) protein. In 2016, Chinese researchers conducted the first human phase 
I clinical trial based on CRISPR/Cas9, to knock out PD-1 for metastatic Non-small cell Lung 
Cancer (NCT02793856) treatment. Besides lung cancer, the clinical trials of CRISPR/Cas9 medi- 
ated PD-1 knock-out have also been utilized for other types of cancers, including esophageal can- 
cer (NCT0308171), prostate cancer (NCT03525652), EBV (Epstein-Barr virus) positive advanced 
malignant tumors (NCT03044743), and liver cancer (NCT04417764). 


15.1.3 ETHICAL CONSIDERATIONS FOR GENE THERAPY 


After decades of setback, gene therapy has encountered major success.*° Five gene therapies have 
received FDA approval since 2017,31 and over 900 others are in development as of now.*%3! Many 
of these GT targets are extremely life-limiting conditions, such as pediatric diseases, given a lack 
of effective treatments.*” As these gene therapies enter early-phase clinical trials, particular ethical 
challenges stay uncertain in three domains: assessing risks and potential benefits, selecting mem- 
bers reasonably, and locking in with quiet communities.*? The ethical applications of genome alter- 
ing hinge upon a risk/benefit proportion that guarantees an advantageous outcome for the patient. 
Cutting edge genome altering tools might ease a few security concerns due to the targeted nature 
of the technology, but others continue, for example, the potential off-target effects, where genome 
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editing follows at unintended sites, with possibly destructive results for physiological gene function. 
These ethical challenges summarized in Table 15.1 are presented from a bioethics point of view and 
offer points to consider for future gene therapy trials (taken as it is from A.A. Iyer et al.)*° 


15.1.3.1 Regulations for Somatic Gene Editing in United States 

There have been four gene therapy products approved by the United States Food and Drug 
Administration (USFDA) so far, that insert new genetic material into a patient’s cells.* Approximately 
900 investigational new drug (IND) applications for ongoing clinical studies in this field suggest that 
the agency expects to approve hundreds more in the coming years.* According to FDA, this will 
result in more therapeutic choices for patients and providers. The six final guidance documents were 
issued by the FDA to provide recommendations on manufacturing issues for product developers and 
other recommendations for genetic therapies to address specific diseases. By including input from 
a variety of stakeholders, the six guidance papers have taken a crucial step towards defining the 
modern structure associated with the production of gene therapies.** With these documents, the FDA 
hopes to advance the field of gene therapy while providing recommendations on how to make sure 
these innovative products meet FDA safety and effectiveness standards. During scientific reviews of 
gene therapies, it is essential to evaluate a great deal of information about manufacturing and qual- 
ity. Clinical trials of these products pose more challenging questions to regulators, such as questions 
about the durability of therapy response, and they are hard to answer in pre-market tests of reason- 
able size and duration. Despite some gene therapy products meeting FDA approval standards, some 
level of uncertainty may exist around the duration of the response when a marketing authorization 
is approved.*? 


15.1.3.2 Regulations for Somatic Gene Editing in United Kingdom 

As genome editing approaches vary considerably depending on tissue origin and how the therapy 
will be used, regulators are challenged to address these concerns. In the regulatory context, somatic 
genome editing is defined as an Advanced Therapy Medicinal Product (ATMP), which refers to 
medicines with genes, tissues, or cells. Since the types and amounts of data required to demonstrate 
the quality, safety, and efficacy of diverse ATMPs are highly specific, the technical requirements set 
out in this legislation are high level. In class-specific guidance developed by the European Medicines 
Agency (EMA), these issues are further explored. It is required that all medicines be approved by the 
regulatory authorities before they can be distributed to patients. While most medicines are approved 
at a national level, ATMPs need to go through a centralized process overseen by the EMA in order 
to ensure that their products are available across all member states through a single license, allowing 
patients faster access to these treatments. It needs assessment by European Commission authorized 
EMA’s scientific committees. 


15.1.3.3 Current Regulatory Framework: Is It Fit for Purpose? 
Since the early 1990s, the EU has had a legal and regulatory framework for ATMPs. Fast-evolving 
innovative therapies such as genome editing, which target highly personalized medical problems, 
are challenging established guidelines and regulatory framework. ATMPs don’t currently face any 
revisions to their legislation; however, the necessity for adapting the policy has become increasingly 
important, as recognized by the EMA and EC, who released a joint action plan for fostering future 
ATMPs in December 2017. In addition to convening an expert group to discuss critical regulatory 
issues and uncertainties associated with genome editing products, the organization published new 
guidelines, updated others, and ensured that “the regulatory framework supports — instead of hinders 
— the development of high-quality genome editing products” development of ATMPs”: 

Guidelines on quality, nonclinical, and clinical aspects of medicines that consist of genetically 
modified cells: Genome engineering’s unique starting materials and production processes that 
enable precise gene editing by controlling and identifying modified cells, have been provided. 
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TABLE 15.1 


Determining Whether to Initiate Early-Phase Gene Therapy (GT) Trials 


Step 


Guiding Question 


Assessment 


1. Form preliminary expectation 
for GT’s risk-benefit profile 


2. Gauge uncertainty in the 
GT’s risk-benefit profile by 
evaluating preclinical evidence 
quality 


3. Refine judgment of the GT’s 
expected risk—benefit profile by 
considering evidence on similar 
GTs 

4. Evaluate whether contextual 
factors influence the ethical 
acceptability of initiating early- 
phase trials 


5. Judge whether initiating early- 
phase trials is ethically justified 


What is the study intervention’s 
expected risk—benefit profile for 
participants? 

Do preclinical studies support a 
causal relationship between the GT 
and observed outcomes (internal 
validity)? 


Do preclinical studies accurately 
represent the clinical conditions in 
which the GT will be tested (construct 
validity)? 


How generalizable are preclinical 
results (external validity)? 


Overall, what is the uncertainty in the 
risk—benefit profile? 


Can data on similar interventions 
refine or complement the above 
estimates about harms, benefits, 
and uncertainty? 

Do contextual factors suggest that it is 
more or less acceptable to begin 
early-phase trials? 


Is it ethically acceptable to begin 
early-phase trials in the target 
population? 


Determine the type, magnitude, and 
likelihood of harms and benefits 
observed in preclinical studies 


Evaluate the balance of benefits and 
harms 

Check whether design features 
support a causal relationship (e.g., 
controls, randomization, blinding) 
Look for similarity between 
preclinical models and human 
patients (e.g., clinical presentation, 
age- and sex-matching for animal 
models) 

Check whether preclinical GT was 
delivered in an analogous way to the 
intended delivery in humans (e.g., 
same volume-adjusted dose between 
animals and humans) 

Determine whether preclinical safety 
and efficacy findings have been 
validated in multiple models and/ or 
species 

Judge overall preclinical study quality 
(internal, construct, and external 
validity): the higher the quality, the 
lower the uncertainty 

Consider whether similar 
interventions (e.g., similar 

vectors and/or delivery routes) 

have demonstrated safety and 
efficacy: the more therapeutic 

and better- characterized any 

similar interventions, the lower the 
uncertainty surrounding a favorable 
risk—benefit judgment 

Evaluate relevant contextual factors: 
the more serious and rapidly 
progressive the disease, the more 
limited the alternatives, and the 
higher the support by the patient 
community, the more acceptable 
early-phase trial initiation may be 
Make all-things-considered judgment, 
given the GT’s expected risk—benefit 
profile, its associated uncertainty, and 
relevant contextual factors 
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TABLE 15.2 


A Regulatory Perspective on Feasibility to Surmount Genome-Editing Safety and Efficacy 
Challenges 


Regulatory 
Feasibility to 
Challenges Overcome Approaches to Address Challenges 
Off-target activity, resulting in insertion or moderate e assays to predict and identify off-target 
deletion mutations and/or chromosomal activity and/or translocations in place 
translocations e biological assays to evaluate functional 
consequences of off-target activity still in 
development 
Necessity to maximize efficiency of designer moderate to high e in vivo CRISPR-Cas delivery (mRNA, 
nuclease delivery and to control nuclease protein) via lipid nanoparticles may help 
expression level and duration to fine-tune level and duration of nuclease 
expression 
e ex vivo delivery of nuclease encoding mRNA 
by electroporation allows fine-tuning level and 
duration of nuclease expression 
e ex vivo delivery of nucleases in the form 
of DNA can be inefficient and induce high 
cytotoxicity 
Inaccurate or random donor DNA (AAV moderate to high e assays to detect random integration of AAV 
or IDLVs, oligodeoxynucleotide donors) and IDLVs in place 
integration in the genome e randomly integrated oligodeoxynucleotides 
are difficult to detect 
Highly variable tissue distribution of desired in moderate e collection and assessment of a diverse panel 
vivo genome-editing event of all major organs and tissues 
Potential of immune reaction to nuclease moderate e use of immune suppression may be required 


components of current gene-editing systems 


Guideline for investigational ATMPs in terms of quality, non-clinical requirements, and clinical 
requirements: Trials in clinical settings: National governments approve clinical trials, but the EMA 
oversees marketing approvals. The distinct development pathway is meeting approval requirements 
and highlights the distinctive characteristic that ATMPs require extensive non-clinical data before 
human testing is permitted. 

Guidelines for following up on and managing risks associated with ATMP safety and efficacy: 
The safety and efficacy of ATMPs may not be fully understood at the time of their approval, as 
they are innovative products. To detect and mitigate against possible risks, this guideline places 
an increased emphasis on post-authorization oversight of ATMPs, sometimes requiring additional 
safety and efficacy studies. 

Finally, Table 15.2 sourced as it is from Abou-El-Enein M. et al 2017 describes numerous techno- 
logical issues related to safety and efficacy that are examined and may inform regulatory benefit-risk 
assessments that would include genome-editing in the clinic.” 


15.2 THE LEGAL AND REGULATORY LANDSCAPE IN GENE THERAPY 


The area of gene therapy holds great potential in treating a variety of diseases. The technology is 
robust, cost effective, and precise, as evidenced by more than 1,800 currently active gene and cell 
therapy interventional trials worldwide.*+ On account of constant advancement in the technology, 
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and the inherent complex nature of gene therapy products, the regulatory frameworks for these vary 
geographically. In fact, due to minimal availability of medical/research infrastructures, most regu- 
latory authorities repurpose policies designed for medicinal products to accommodate gene ther- 
apy products. The US, EU, China, and Japan are examples of countries that have made significant 
advances in designing their regulatory legislature specifically for gene therapy products. Other coun- 
tries include Korea, Brazil, and Canada, working on similar lines.*+ The following paragraphs give 
a brief synopsis of the European and American regulatory systems set up for gene therapy products. 

In the EU gene therapies are classified as, advanced therapy medicinal product (ATMPs), under 
the EU legislation, and are governed by the ATMP Regulation (Directive 2001/83/EC, as amended 
by Regulation [EC] 1394/2007)5 The European Medical Association's (EMA) Committee for 
Advanced Therapies (CAT) oversees the regulatory affairs of ATMPs after consultation with the 
European Commission. The principal EU guideline (under revision) is the basis for development 
of gene therapies. It provides a thorough strategic plan for gene therapy product development, 
covering quality, non-clinical, and clinical aspects of the ATMPs. Unlike the regulations for other 
biotech-based medicinal products, the technical requirements of quality or clinical data required to 
demonstrate safety of the ATMP product may be highly specific. These guidelines are targeted at 
mitigating risks to the beneficiaries of the ATMP treatments, once the products are authorized for 
use. Following points provide details of the EU regulatory guidelines for ATMPs: 


15.2.1 EU GUIDELINES ON Quatity, NON-CLINICAL, AND CLINICAL ASPECTS OF 
MEDICINAL PRODUCTS CONTAINING GENETICALLY MODIFIED CELLS 


Although still in the drafting stage, the main aim of this guideline is to define scientific principles 
to guide the development and manufacturing of medicinal products containing genetically modified 
cells intended for humans. Stringent quality requirements for genetic modification of the target cell 
population (controls, characterization, stability, etc.) and the transduced cell product resulting from 
the manufacturing process have been discussed keeping in mind a “risk-based approach” when 
designing the interventions. The non-clinical section states guidelines for designing primary phar- 
macodynamic studies that demonstrate proof-of-concept, rationale for species and animal models, 
target selectivity, and biodistribution immunotoxicity of the product, including the pointers on envi- 
ronmental risk assessment. The clinical section defines requirements for pre-authorisation studies 
required for assessing the safety and efficacy of the gene product, and further includes a section on 
addressing safety evaluation and pharmacovigilance requirements. 


15.2.2 EU (DRAFT) GUIDELINE ON QUALITY, NON-CLINICAL, AND CLINICAL 
REQUIREMENTS FOR INVESTIGATIONAL GENE THERAPY IN CLINICAL TRIALS 


This guideline provides strategies for designing clinical trials for investigational gene therapy prod- 
ucts. There is emphasis on taking a risk-based approach while designing the protocols. The dossier 
defines specific guidelines on the quality of the starting materials, manufacturing process, and the 
product developed for intended use. The non-clinical guidelines focus on animal models, toxicity 
studies, minimum supplementary requirements for (first-in human studies) also termed as explor- 
atory studies: a unique feature of the EU regulatory framework and confirmatory studies. 


15.2.3 EU (DRAFT) GUIDELINE ON SAFETY AND EFFICACY FOLLOW-UP AND RISK 
MANAGEMENT OF GENE THERAPY PRODUCTS 


The EMA released a draft guideline on safety and efficacy follow-up and risk management of 
Advanced Therapy Medicinal Products in 2018. The safety and risk management guidelines are 
designed to identify patient risk pertaining to quality characteristics, storage and distribution of 
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the product, including risks associated with immunogenicity, dosing errors, pharmacokinetics etc. 
There are measures for risk minimization efficacy and safety follow-up depending on the nature of 
the different ATMPs. 

USFDA via the Center for Biologics Evaluation and Research (CBER) and the National Institute 
of Health (NIH) via the Recombinant DNA Advisory Committee (RAC) are the apex bodies in the 
US that oversee regulatory affairs of gene therapy clinical trials and products.* *7 Gene therapy 
products intended for human use are classified and regulated as biological products**. The FDA 
regulatory system is comprised of several statutes, and guidance documents that companies have to 
comply with before initiating clinical trials for investigational gene therapy products. An approved 
biologics license (BLA) ensures the market authorization of gene therapy products in the US. Similar 
to the EU guidelines, gene therapy product trials have to meet strict guidelines in terms of quality, 
manufacturing process, non-clinical, and clinical aspects of the interventions. Additionally, there is 
an obligation for gene therapy products to adhere to good manufacturing regulations, good labora- 
tory practice regulations, good clinical practice regulations, and good tissue practice regulations. It 
is also mandatory to provide proof of concept data and safety profile of the drug in animal models 
as per the set guidelines*. The FDA also oversees clinical trials of these products, unlike the EMA. 

The primary aim of any global regulatory framework is to ensure efficiency and safety of gene therapy 
products with harmonized market availability. Despite their differences, the evaluating regulatory agen- 
cies are working toward accelerating the process to facilitate speedy patient access to these therapies. 
As of 2021, eight gene therapies and a total of five gene therapies were granted market authorization by 
the EU and the United States respectively’. Furthermore, the FDA, EMA, and the Pharmaceuticals and 
Medical Devices Agency (PMDA) in Japan have provisions to expedite assessments of novel gene ther- 
apy products in pipeline. The Priority Medicines (PRIME) scheme is offered by the EU, SAKIGAKE 
designation by Japan, the breakthrough therapy designation (BTD) or regenerative medicine advanced 
therapy (RMAT) designation are offered by the FDA to support and accelerate the development and 
approval of gene therapies**. The pace of development of gene therapies has been faster compared to the 
necessary updates in the regulatory issues. It is imperative that new regulations customized to individual 
gene therapies be made available to achieve maximum benefit of the technology. 

This ‘ATMP Regulation’ [i.e., Regulation (EC) No. 1394/2007], together with Directive 
2009/120, provides definitions of ATMPs, as well as Marketing Authorization Application (MAA) 
requirements.* This regulation described four different product types: GTMPs; somatic cell ther- 
apy medicinal products (SCTMPs); tissue-engineered products (TEPs); and combined ATMPs.** 
Table 15.3 (sourced from Carvalho et al 2017) describes the investigational drugs and the outcome 
in the context of regulatory perspective.’ 


15.2.4 GENE EDITING REGULATIONS 


Genome editing is a frontier technology that has revolutionized fields of medicine and plant/animal 
biotechnology. Human, animal, and plant genomes can now be specifically altered using editing 
tools such as TALENS, ZFNs CRISPER-Cas systems to develop new generation biopharmaceuti- 
cals and improved livestock or plant varieties.* Regulatory bodies worldwide have already set up 
regulations for dealing with genetically modified organisms (GMOs). Inclusion or exemption of 
gene-edited organisms as GMOs is unclear. As a result, there are several inconsistencies in setting 
up regulatory frameworks for such products. Gene editing can be used to manipulate somatic as well 
as germline DNA. 


15.2.4.1 Human Gene Editing Regulations 

Gene editing can be used to manipulate somatic as well as germline DNA. In humans, gene editing 
can facilitate treatment and prevention of genetic as well as rare diseases. Somatic manipulation 
of the human genome is the basis for most interventional gene therapies, and as discussed above, 
currently there are several such clinical trials in the regulatory pipeline. However, application of 


TABLE 15.3 


Major Objections, Issues, or Concerns Noted in the Assessment of GTMPs at the Level of Quality, and Nonclinical and Clinical Data 


Unsuccessful MAA 


Successful MAA 


Commercial name 
Year of opinion 
Clinical Indication 


Orphan designation 
MAA approval mechanism 


QUALITY 
Drug substance 
Manufacture 
Characterization 
Specification 
Stability 


Drug product 
Pharmaceutical development 
Manufacture of the product 
Product specification 
Stability of the product 


Adventitious agents 


NONCLINICAL 
Pharmacology 

Primary pharmacodynamics 
Secondary pharmacodynamics 
Safety pharmacology programme 


Pharmacodynamic drug interactions 


Advexin 
2008 
Li-Fraumeni 
cancer 


Orphan 


Withdrew MAA 


© o © Ed = (eon! 


rma > 


CLG 
2009 


Squamous cell 
carcinoma of 
head and neck 


Non-orphan 


Withdrew MAA 


> lene > Aa ao 


> HO > 


Cerepro 
2007 
High-grade glioma 


Orphan 


Negative opinion 


Pax > >n y 


> > > > 


Cerepro 
2010 
High-grade 


glioma 


Orphan 
Negative 
opinion 


> > > > > > 5 >> 


> > > > 


Glybera 
2012 
Lipoprotein 
lipase 
deficiency 


Orphan 

Approved under 
exceptional 
circumstances 


w> wp p >y 


>m > > 


Imlygic 
2015 
Unresectable 
melanoma 


Non-orphan 
Standard 
approval 


>> PP 


> > >p p 


> > > > 


Strimvelis 
2016 
Severe combined 
immunodeficiency 
because of adenosine 
deaminase deficienc 
Orphan 
Standard approval 


> > > > > rare 


> > > > 


(continued) 
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TABLE 15.3 (Continued) 
Major Objections, Issues, or Concerns Noted in the Assessment of GTMPs at the Level of Quality, and Nonclinical and Clinical Data 


Unsuccessful MAA Successful MAA 


Pharmacokinetics 


Biodistribution, persistence, clearance A A A 


> 
w 
> 


Germline transmission 
Shedding 


> 


Toxicology 

Single dose toxicity 

Repeat dose toxicity with toxicokinetics 
Genotoxicity 

Carcinogenicity 

Reproduction toxicity 

Local tolerance 


>> wvv o 
> > > popo 


Other toxicity studies: immunogenicity/ 
toxicity 


> > > >p 
>>> Pr PP > 


CLINICAL 
GCP 


(= 
> 
> 


>y 5 > > > = f- > > > 


SUIBISAS A13A!J|3Q 3u39 


Clinical pharmacology 


Pharmacokinetics B B B 
Pharmacodynamics B A 
Clinical efficacy 

Clinical efficacy data B B 
Clinical safety 

Clinical safety data B B 
Pharmacovigilance system A A A 
Risk management plan B B 
Environmental risk assessment A A A A 


Note: CLG (Contusugene Ladenovec Gendux). 
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CRISPER Cas techniques for human germline gene editing are not well conceived worldwide, due 
to obvious moral and ethical concerns. Regulatory laws for germline editing related to reproductive 
purposes have been classified as “restrictive,” “legally prohibited,’ ambiguous,” or “prohibited by 
guidelines “by most countries. The US National Academy of Science, engineering and Medicine 
(NASEM) report 2017, has implicit guidelines for human gene editing related issues.” 


15.2.4.2 Animal Gene Editing Regulations 

As compared to plants, the regulatory landscape for gene-edited animals is rather complicated. 
Despite adopting a flexible regulatory approach for gene-edited plant products (See below), the 
regulatory framework for animals is constricted. This is evidenced by the 2017 FDA indication that 
a mandatory, multigenerational, premarket new animal drug evaluation would be applicable to all 
“intentional genomic alterations” induced by site-directed nucleases such as CRISPR in food animal 
genomes irrespective of the novelty of the alteration or the existence of any hazards in the resulting 
product was proposed. Some have suggested that this stance to be counterproductive in terms of 
cost and time involved in development of bioengineered animals*!. The AquAdvantage GE salmon 
is an example of the only genetically engineered animal to be ever approved as food, after having 
gone through the new animal drug provisions of Federal Food, Drug, and Cosmetic Act (FD&C 
Act) where the genetically engineered animal was treated as a drug candidate. The current regula- 
tory asynchronism in the US has warranted a more uniform framework for regulating both plants 
and animals, wherein genetic alterations using gene editing technology was introduced during the 
breeding process.*! 


15.2.4.3 Plant Gene Editing Regulations 

Plant genome editing has the potential to offer advantageous traits to global agriculture. The CRISPR- 
Cas system is the most preferred gene editing approach that enables precise genome manipulation to 
achieve improved plant growth, nutrition, disease control, or sustainability. Nevertheless, there are 
inconsistencies in the regulatory framework covering gene-edited crops world-wide, thus impacting 
the public acceptance and marketability of these new plant varieties. Extension of currently estab- 
lished regulations covering conventional GMOs to the products generated through gene editing is a 
matter of debate needing further elucidation. 

Currently most countries have adopted one of the two major regulatory models for gene edit- 
ing; the process- based approach or the product-oriented approach. Some countries, such as New 
Zealand and those of the European Union, regulate the end points of gene editing technology based 
on the process used. As a result of this the end product gets labeled as a “GM product,” thus fall- 
ing under the GMO legislation. This approach overlooks the key benefits of this technology and is 
ineffective in terms of cost and time. Argentina and Brazil are two countries with precedents where 
policy makers have clearly defined guidelines to manage gene-edited crops. 

The Canadian regulatory framework, on the other hand, is an example of the product-based 
approach, where the “end product with novel traits,” even though obtained by the application of gene 
editing, conventional breeding, or mutagenesis, is subjected to a standard regulatory scheme man- 
aged by the Canadian Food Inspection Agency (CFIA) and Health Canada”. A prominent example 
of this product based approach is the canola variety Falco™ that was declared to be similar to 
the unmodified canola cultivar despite being a product of gene editing technology by the CFIA in 
2013. This product-oriented approach has been suggested to be central to innovations in agricul- 
tural biotechnology by some”. The United States and Australia have adopted a mixed approach 
for regulating gene edited plants*’. Under this hybrid approach, the end products are reviewed on 
a case-to-case basis, where absence of foreign DNA (genetic material) in the gene-edited variety 
ensures no regulatory oversite normally applicable for GMOs. In the US the USDA’s Animal and 
Plant Health Inspection Agency (APHIS) is responsible for regulating gene-edited crop varieties. 
If the novel plant is intended for human consumption, then the regulation for the same is overseen 
by the FDA. Under this legislation the USDA has, to date waived the GMO regulations for at least 
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two gene-edited crop varieties“. The commercial future of gene-edited agricultural produce may 
be overshadowed by confusion because of the above-described inconsistencies thus demanding a 
streamlined global regulatory approach that can benefit commercialization as well as innovation. 


15.3 CONCLUSION AND FUTURE TRENDS 


It is necessary to assess highly complex information about the manufacturing and quality of gene 
therapies as part of the scientific review. Additionally, premarket studies of reasonable size and 
duration often fail to fully answer important questions that these products often pose to regulators 
compared to what traditional drug trials do, such as questions about the durability of response. The 
FDA and EMA have issued these guidelines that operate against a backdrop of tools, exemptions, 
and the accelerated pathways for increasing flexibility, facilitating the development of gene editing 
therapies. Even though the EU and US regulatory framework is evolving to provide some flexibility 
for these new treatments, it may not be enough. In addition to the exemptions that are currently in 
place, the use of these medicinal products at scale may prove insufficient to allow their use. There 
are several existing safety and efficacy issues that can be improved upon if existing regulations are 
to provide an adequate regulatory framework. Building an ethical and regulatory framework will be 
the biggest challenge achieving quality and safety standards, while using the products at scale and 
complying with relevant regulatory requirements societal boundaries deemed appropriate for ethical 
behavior. 
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